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ABSTRACT 
 
 
The gut microbiome (GM) consists of trillions of microbes that can modulate numerous 
physiological systems of its mammalian host. It is well established that behavioral practices and 
the environment encountered by the host can contribute significantly to composition and 
functional capacity of the GM. Research investigating the roles of the GM in modulating host 
physiology has also indicated an important role of the gut microbes in causing, exacerbating, or 
preventing disease. Considering these findings, it is vital to have an in-depth understanding of 
the effects that behaviors and environmental stimuli have on the composition and functional 
capacity of the gut microbiota. Of these potential mediators, exercise training has recently 
emerged as a candidate. Data relating exercise and the microbiome have pointed to intriguing 
associations between changes in the GM and host physiology, including alterations in behavior, 
immunity and metabolism. However, this research has been confined primarily to animal models 
and uses only correlations to address possible interactions between microbe and host. Therefore, 
the primary purpose of the work presented in this dissertation is to understand how exercise 
training can modulate the gut microbiota while concurrently unraveling the ways in which GM 
changes may directly contribute to changes in host physiology, in both mice and humans. 
This dissertation was divided into three major sections. First, we followed up on research 
conducted previously in our laboratory demonstrating that two six-week exercise training 
modalities (Forced Treadmill [FTR] vs. Voluntary Wheel Running [VWR]) led to differential 
inflammatory and clinical responses to a chemically-induced colitis insult in mice. To understand 
whether these observed outcomes may relate to differential changes in the gut microbiome, we 
performed an experiment examining the effects of these two training modalities on the GM 
composition. Interestingly, we observed that VWR and FTR differentially altered the 
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composition of the mouse gut microbiota, indicating that the exercise-induced GM modifications 
may have contributed to the different colitis outcomes previously observed. In the second section 
of this dissertation, we investigated whether exercise-induced changes in the GM could 
contribute directly to host physiology. To accomplish this, we transplanted GMs from donor 
‘exercised (VWR)’ or ‘sedentary’ mice into previously germ-free mice. First, we analyzed the 
composition of GM, concentrations of gut metabolites, and colon inflammation of mice that 
received GMs from donors. We found that the ‘exercised’ microbiota led to altered microbial 
communities and short chain fatty acid (SCFA) profiles, higher body weights, and reduced colon 
inflammation in the recipient, colonized mice. In a second cohort of GF mice, we used the same 
transplant and colonization design, with an additional administration of dextran-sodium sulfate 
(DSS) to induce acute colitis. Intriguingly, we found that the ‘exercised’ GM transplant led to an 
enhanced regenerative anti-inflammatory response in the colons of recipient mice after those 
mice received DSS for five days. In the last section of this dissertation, we wished to characterize 
the effects of exercise training on the human microbiome. To accomplish this, we conducted a 
longitudinal within-subjects design, whereby previously sedentary subjects participated in an 
endurance-based exercise intervention for six weeks (three days per week). This exercise period 
was followed by a return to sedentary activity for another six weeks. Fecal and blood samples 
were collected throughout the study, with dietary controls in place to avoid effects of diet in 
confounding any exercise-induced GM changes. We also examined whether obesity status had a 
role in exercise-induced regulation of the GM, and thus subjects were recruited on BMI status 
(lean vs. obese). After analysis, we found that the GM composition and metabolic capacity was 
significantly altered by exercise training. Moreover, we found that fecal microbial-derived 
SCFAs, which we had previously shown to be increased in exercised animals, also increased due 
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to exercise training in humans. The exercise-induced changes in the GM were largely reverted 
after a return to sedentary activity, providing further evidence that physical activity status 
contributes significantly to GM composition. Lastly, we identified that obesity plays a role in 
modulating the GM response to exercise.  
In summary, this dissertation comprises evidence that indicates that exercise training can 
alter the gut microbiota and GM derived metabolites in mice and humans. Moreover, we show 
for the first time that the changes in the gut microbiota have direct, and likely critical, 
relationships to host physiology during exercise training. In turn, these data presented herein may 
be important for understanding physiological systems that beneficially impact human health. 
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CHAPTER 1 
INTRODUCTION 
1.1 SIGNIFICANCE 
Over the past decade, the gut microbiota has emerged as a critical area of investigation 
for numerous fields of research and medicine. Made up of a diverse consortium of bacteria, 
viruses, helminthes and fungi, the gut microbiota can directly regulate the metabolic, immune 
and nervous function of its host1, 2. Bidirectionally, host genetics and environmental stimuli can 
greatly affect the composition of the gut microbiota, which is, in turn, able to contribute to a 
wide range of metabolic and inflammatory diseases (i.e obesity, type-II diabetes, IBD)3, 4. 
Environmental factors, including diet5,6, antibiotic usage7 and mode of birth delivery8, influence  
the gut microbiota and host-microbial interactions. The effects of physical exercise on the gut 
microbiota, however, have remained much less studied.   
Despite relative little research examining exercise and the gut microbiome, there is an 
accumulating body of evidence to suggest that exercise training can alter the metabolic and 
inflammatory mileu of the gastrointestinal tract. For instance, studies have shown that moderate 
intensity exercise training alters the gastrointestinal immune system in animal models, and can 
reduce the symptoms of IBD and improve quality of life in human patients suffering from 
gastrointestinal syndromes. This is evidenced by exercise-induced increases in anti-inflammatory 
phenotype and improved stress resilience of intestinal lymphocytes (ILs); augmented ileal 
secretory-immunoglobulin A (S-IgA) production; alterations in gastrointestinal mucosal gene 
expression; and enhanced barrier function, among others. Conversely, severe, exhaustive 
exercise can cause debilitating gut issues, indicated by a relatively large subset of endurance 
athletes that experience gastrointestinal syndromes and adverse GI symptomology. Despite these 
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intriguing relationships, however, only a handful of studies have investigated the link between 
exercise training and the gastrointestinal system, including the gut microbiota.  
Recent findings in rodent models have revealed that exercise can alter the gut microbiota. 
Studies have also indicated that exercise-induced changes in the gut microbiota may also be 
involved in the modulation of disease. For instance, data from our laboratory provide evidence 
that exercise training can attenuate the inflammatory insult of ulcerative colitis, while other 
laboratories have shown that exercise modulates the gut microbiome during high fat-diet9, 
experimental diabetes and toxin-induced dysbiosis10 in mice. Notably, exercise may also impact 
the human microbiome11 indicating a possible mechanism by which exercise can modify disease 
outcomes in people.  
Despite these intriguing findings, three major gaps exist within this field. First, evidence 
examining the effects of different exercise modalities on the gut microbiota is lacking. This is 
important, as previous reports from our laboratory indicate that forced treadmill exercise 
exacerbates, while voluntary wheel running attenuates, the inflammatory insult of experimental 
ulcerative colitis (UC) in mice12. Since the gut microbiota is known to have a significant role in 
governing gastrointestinal (GI) disease outcomes, including UC, it is important to determine 
whether the microbiome may also be differentially altered by these exercise modalities. Second, 
it is currently unclear whether exercise-induced gut microbial changes can directly mediate host 
physiology. This is important as analysis in conventionally-raised animals with an established 
microbiota inevitably relies on correlations to determine relationships between microbes and 
host. It is thus imperative to utilize controlled techniques, such as microbial colonization of the 
Germ Free (GF) or gnotobiotic mice, to test how exercise-induced gut microbiota alterations 
directly shape host physiology. Third, little is known regarding the effects of exercise on the 
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human gut microbiota. To date, only two cross-sectional studies have been completed examining 
these effects13. Unfortunately, these studies did not control for diet and antibiotic usage, two 
primary modulators of the microbiota.  
In light of the above deficiencies in this area of research, this dissertation will address the 
following questions: (1) how is the gut microbiota influenced by different exercise modalities (2) 
to what extent can exercise-induced gut microbial changes directly affect host physiology and 
experimental colitis outcomes and (3), can endurance exercise training modulate the microbiota 
and microbial metabolites in lean and obese humans. 
1.2 SPECIFIC AIMS 
 The primary goal of this research is to understand how exercise training can affect the gut 
microbiota, and in turn, how these proposed exercise-induced changes in gut microbiota may 
alter host physiology in mice and humans. A brief rationale, hypotheses and expected results are 
outlined below. A more detailed description of study methods experimental design and statistical 
analysis can be found in subsequent chapters. 
Specific Aim 1 
Determine the effects of two exercise modalities, forced treadmill running and voluntary 
wheel running, on the gut microbiome in mice.  
 Research from our laboratory has indicated that exercise training modalities have 
differential effects on experimental colitis outcomes. To investigate whether modulation of gut 
microbiome may have a role in mediating this response, six-week old C57Bl/6J mice were 
subjected to voluntary wheel running (VWR), forced treadmill running (FTR) or remain 
sedentary (SED) for 6 weeks. Thereafter, the gut microbiome of the feces and cecal contents 
were analyzed by 16S rRNA sequencing. We hypothesized that six weeks of VWR, FTR or SED 
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activity will initiate differential responses within the gut microbiome of C57Bl6/J mice. We 
suggested that this would be evident by differences in alpha and beta diversity between all three 
groups. Moreover, we hypothesized that VWR would lead to increased levels of bacterial taxa 
implicated in improved gut physiology and colitis outcomes, while FTR would lead to increased 
levels of bacterial taxa that could be deemed detrimental to gut physiology and colitis outcomes. 
The primary outcome of this study was gut microbiome analysis through high throughput 
sequencing of the conserved 16S rRNA microbial gene.  
 
Specific Aim 2 
To determine the effects of exercise-induced microbial changes on microbial colonization 
and the inflammatory insult to chemically-induced colitis in gnotobiotic mice.  
This aim investigated whether exercise induced changes in the gut microbiota could 
manifest in microbial naïve germ-free mice after a gut microbiota transplant. Moreover, this aim 
investigated whether these effects may mitigate the clinical and inflammatory response to a 
colitis insult. To accomplish this, donor C57Bl6/J mice were given free access to a wheel (n=10) 
or remain sedentary in their home cages (n=10) for six weeks. After 6 weeks, mice were 
sacrificed and cecal contents were collected and pooled by group, and then gavaged into germ-
free male and female C57Bl6 mice previously randomized into two separate groups: Sedentary 
(SED; n=32) and Exercise (EX; n=32). After 4 weeks of colonization, the two exercise groups 
were randomized such that half (n=32) were administered 2% dextran sodium sulfate (DSS) and 
the other half (n=32) were administered regular drinking water (H2O).  In the DSS groups, after 5 
days of DSS, mice were switched to H2O for 3 days until sacrifice (8 days post-DSS). We 
hypothesized that a transfer of an ‘exercised’-microbiota (compared to a ‘sedentary’ microbiota) 
 5 
would lead to attenuated gut inflammation, goblet cell restitution, and altered cecal short chain 
fatty acid (SCFA) concentrations in colonized mice exposed to H2O only. Furthermore, we 
postulated that a transfer of the ‘exercised’-biota will lead to reduced body weight loss, 
attenuated colonic inflammation, and enhanced mucus thickness in colonized mice treated with 
2% DSS. Primary outcomes included: (1) body weight and clinical outcomes (diarrhea, rectal 
bleeding incidence and colon length); (2) fecal microbiome analysis; (3) cecal SCFA analysis; 
(4) colonic inflammatory gene expression; (5) gut histology of inflammatory infiltrate, goblet 
cell count, and epithelial architecture.  
 
Specific Aim 3 
To determine the effects of an aerobic exercise training on the gut microbiome and 
microbial derived metabolites in previously sedentary (lean and obese) adult humans. 
Thirty-two (32) previously sedentary research participants distributed by gender (Male, 
n=12; Female, n=20) and body mass index (Lean <25, n=18; Obese >30, n=14) were recruited 
for this study. Subjects underwent six (6) weeks of supervised, moderate-to-high intensity 
aerobic exercise training (three days per week) followed by a subsequent six (6) weeks of an 
unsupervised ‘washout’ period during which participants were asked to refrain from exercise. 
Stool and blood samples were collected prior to and after the 6 weeks of exercise training, as 
well as after the 6 weeks of ‘washout’. We hypothesized that exercise training for six weeks 
would cause a significant shift in fecal microbial communities of both obese and lean humans. 
Additionally, we predicted that exercise training would lead to increased concentrations of fecal 
SCFAs in lean, but not obese, individuals. We also postulated that changes in the gut microbiota 
and gut microbial metabolites would also correlate with blood inflammatory and metabolic 
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parameters known to be affected by exercise training, including C-reactive protein, HOMA-IR 
and body composition. Primary outcomes will include (1) Fecal microbiome analysis through 
16S rRNA sequencing (2) quantification microbial derived short chain fatty acids (SCFA) 
concentrations through gas chromatography (3) Determination of relative SCFA producing genes 
through qPCR. Secondary outcomes included: (4) HOMA-IR; (5) plasma C-reactive protein; (6) 
body composition and maximal oxygen uptake (VO2 Max). 
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CHAPTER 2 
 LITERATURE REVIEW 
2.1 EXERCISE AND THE GASTROINTESTINAL TRACT  
Participation in regular, moderate physical activity improves overall immune function 
and reduces the incidence of metabolic and inflammatory disease 14, 15. However, the effects of 
exercise on the gastrointestinal tract are understudied and often misunderstood. Intense, acute 
and chronic exercise may induce transient gastrointestinal (GI) symptoms, which can, but do not 
usually, translate into long-term issues. These effects are common in endurance athletes who 
experience symptoms including: nausea, diarrhea, and GI bleeding related to bowel ischemia due 
to blood shunting16, 17. Conversely, individuals who partake in moderate exercise intensities of 
shorter durations rarely exeprience these symptoms. In fact, particpation in moderate exericse 
can be protective against intestinal inflammatory disease, such as irritable bowel disease (IBD)18 
and colorectal cancer19, 20. The specific mechanism(s) underlying the protective effects of 
moderate exercise on the GI tract are not completley understood. 
Data over the past two decades have indicated that moderate exercise training can 
significantly modify intestinal function. This is evidenced by exercise-induced increases in anti-
inflammatory phenotype and improved stress resilience of intestinal lymphocytes (ILs); 
augmented ileal secretory-immunoglobulin A (S-IgA) production; alterations in gastrointestinal 
mucosal gene expression; and enhanced barrier function.  Importantly, these changes may also 
have implications in disease prevention and resilience, in relation to both ulcerative colitis (UC) 
and colorectal cancer (CRC) 12, 21, 22. 
Early research demonstrated notable responses within the GI immune system as a result of 
exercise training. For example, Hoffman-Goetz et al. (2009) found that voluntary exercise 
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training for 16 weeks reduced pro-inflammatory TNF-alpha and increased antioxidant activity 
(as measured by glutathione peroxidase [GPx] and catalase [CAT] expression) in mouse ILs. 
Moreover, Packer and Hoffman-Goetz (2012) established that older mice (15-16 months) that 
exercised for 4 months had a lower expression of TNF-alpha, caspase 7/8 and 8-isoprostanes in 
ILs compared to those of mice that remained sedentary 23.  
Exercise training can initiate changes in mucosal immune function. For example, Villario et 
al. (2011) and Drago-Serrano et al. (2012) showed that moderate exercise increased levels of S-
IgA and Ig-plasma cells in the mouse ileum and duodenum 24, 25. Additionally, both studies 
showed that moderate training increased expression of all gene transcripts from secretory-IgA 
associated proteins (alpha-chain, J-chain, pIgR) in the small intestine 24.  How exercise 
modulates secretory-IgA levels and what this means for overall host health was not determined. 
Nevertheless, increased production of IgA in the lumen is most likely linked to increased 
synthesis of IgA in the lamina propria, possibly through increased transport of the pIgA-pIgR 
complex across epithelial cells. Data from Buehlmeyer et al. (2008) indicated that moderate 
exercise training in rats reduces expression of betaine-homocysteine methyltransferase-2 
(BHMT2), vascular endothelial growth factor (VEGF), angiopoiten-2 (ANG-2), and calcium-
independent phospholipase A2 (iPL-A2). As described by the authors, these changes may be 
protective against the aberrant activity of DNA methylation (BHMT2), angiogenesis (VEGF, 
ANG-2), and prostaglandin synthesis (iPL-A2), respectively 26.   
Exercise can also modulate the intestinal epithelial layer and antimicrobial peptide (AMP) 
secretion. For instance, Luo et al (2014) observed that acute moderate exercise prior to 6 hours of 
restraint stress attenuated barrier disruption and bacterial translocation into intestinal epithelial 
cells (IEC) of mice 27, 28.  Moderate exercise alone, meanwhile, enhanced gene expression and 
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protein levels for four AMPs (α-defensin 5, β-defensin 1, RegIIIβ and RegIIIγ) in the small 
intestine. Overall, the regulation of AMPs and reduction in bacterial translocation in response to 
stress suggests that acute, moderate exercise may improve intestinal barrier function.   
 Exercise may also improve intestinal barrier function in humans. This is evidenced by lower 
circulating bacterial lipopolysaccharide (LPS) in highly trained individuals relative to sedentary 
individuals. Importantly, endotoxin levels in this study also strongly correlated with circulating 
LDL-cholesterol and triglycerides, thus giving support to the idea that exercise training may 
mediate cholesterol and lipid metabolism partially though regulation of systemic endotoxemia 29. 
Endotoxins, including LPS, are also primary activators of pattern recognition receptors (PRRs) 
on circulating peripheral blood mononuclear cells and polymorphonuclear neutrophils, and thus 
serve as potent inflammatory mediators30, 31.  Therefore, the downregulation of circulating 
endotoxins by exercise training may also be partially responsibl for its anti-inflammatory effects. 
Despite these interesting data, the effects of exercise training on endotoxemia have been debated 
and will thus need to be verified by randomized, controlled studies. Moreover, mechanistic 
studies are needed to determine whether improved gut barrier function or alterations in the gut 
microbiota by exercise may have a role in reducing endotoxemia in humans. 
2.2 EXERCISE AND THE GUT MICROBIOTA 
The mechanisms by which exercise may regulate GI function and attenuate gut disease may 
be linked to changes in the gut microbiota. Indeed, a growing body of evidence indicates that 
exercise training can significantly modulate the gut microbiome in healthy subjects. Moreover, 
exercise can cause gut microbial transformations in response to unfavorable stimuli or 
conditions, including high fat diet 9, 32, toxic substances 10 and experimental diabetes 33. Changes 
in the microbiome by exercise training have also been implicated in other metabolic and 
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behavioral changes (i.e. gut peptides and cognition) 9, 34. The gut microbiome is also sensitive to 
modality of exercise, as well as the time in life when an individual begins exercise training35, 36. 
Notably, one cross-sectional study suggests that physical activity is a significant regulator of the 
gut microbiome in humans37.  
 The first study to examine the effects of exercise on the microbiome demonstrated that 
five (5) weeks of VWR in rats altered the composition of the ceca microbiome compared to 
sedentary controls 38. Evaluation of the gut microbiome revealed changes in two butyrate-
producing bacteria (e.g. SM7/11 and T2-87) and a 2-fold increase in the concentration of 
butyrate in the cecum induced by VWR. Butyrate, a short chain fatty acid (SCFA), is the 
preferred source of energy for colonic epithelial cells and has been shown to have numerous 
benefits on host intestinal function, including the regulation of satiety, improved barrier function, 
insulin sensitivity, and inflammation39 (see section 4, SCFAs).  
Exercise can also alter the microbiome in the presence of environmental toxins known to 
cause intestinal dysbiosis. Choi et al. 10 found that 6 weeks of VWR altered the microbiome of 
healthy mice, as well as mice that were administered polychlorinated biphenyls (PCBs).  PCBs 
are toxic, oncogenic, environmental toxins that are found in many industrial products and can 
cause significant changes in the gut microbiota39.  In this study, exercise modulated PCB-
induced alterations in the gut microbiome, resulting in a richer microbial diversity in the 
exercised mice that received PCBs compared to sedentary mice that received PCBs 39. 
Interestingly, 67 taxa of bacteria were found to be unique to exercised mice, while 26 taxa were 
detected only in sedentary mice, regardless of PCB alterations 10.  
Changes in the microbiota have also been observed in mice fed a high-fat diet (HFD). In 
collaboration with our laboratory, Kang et al. (2013) 41 demonstrated that wheel running altered 
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numerous bacterial taxa, both alone and in combination with a HFD, some of which were 
strongly associated with improved cognition. Evans et al. (2013) also observed multiple phyla 
and family level changes in the microbiome by VWR, both alone and in combination with a 
high-fat diet 32.  
The time of life when exercise training begins also appears to be an important factor in 
regulating the gut microbiome. Recently, Mika et al. (2015) observed more significant microbial 
shifts in juvenile rats compared to their adult counterparts after VWR for 6 weeks 36. The 
changes in microbial diversity and taxonomy were also associated with improved body 
composition in the juveniles, but not the adults. Another recent study indicated that the exercise 
capacity of an organism is an important regulator of the gut microbiome 40. Interestingly, mice 
bred for a high capacity to run (HCR) versus those exhibiting low capacity running (LCR), had 
different microbial characteristics following a HFD and VWR protocol. Moreover, the microbial 
differences between HCR and LCR were associated with disparate effects on fat mass and 
circulating non-esterified fatty acids following the combined intervention 40. Taken together, 
these results indicate that the developmental stage at which an organism is exposed to 
environmental stimuli (i.e. exercise), as well as the ‘innate’ capacity to exercise, may be 
important for both the long-term characteristics of the microbiota and of the metabolic phenotype 
36.  
Only one cross-sectional study has examined the effects of exercise on the human gut 
microbiome. Clarke et al. (2014) compared the microbiome from professional rugby athletes to 
age-matched sedentary counterparts 37.  Rugby players had a higher diversity of microbes and 22 
distinct taxa represented in fecal samples compared to sedentary individuals. Of particular note, 
rugby players had a higher abundance of Akkermansia muciniphilia, a beneficial mucin-
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degrading bacteria that is associated with leanness and improved insulin sensitivity in humans 41, 
42. Despite these interesting correlations the study by Clarke et al. (2014) is limited by its cross-
sectional nature and a lack of dietary and other external controls. Future human studies should 
include controlled, randomized, longitudinal designs that account for other external factors 
regulating the microbiota, such as diet and antibiotic usage, among others.   
 
2.3 EXERCISE AND ULCERATIVE COLITIS 
Ulcerative colitis (UC) is an inflammatory condition in which open lesions and ulcers 
develop throughout the epithelial and mucosal layer of the colon. The etiology of UC is currently 
unknown, but it is thought to arise from an aberrant immune response to environmental toxins 
and/or commensal bacteria within the GI tract. Current treatments include anti-inflammatory 
aminosalicylates, corticosteroids and targeted monoclonal antibiotic therapy (e.g. anti-TNF). 
Though these treatments are successful in preventing symptomology, their use is often associated 
with drug resistance and with inconsistent long-term efficacy in ameliorating symptomology and 
disease recurrence. Therefore, it is vital to investigate adjunctive therapeutic approaches for 
preventing and attenuating UC. Epidemiologic studies have shown that moderate intensity 
exercise training reduces the symptoms of disease and improves quality of life for patients with 
both UC and colorectal cancer 43. Moreover, there is a strong correlation between physical 
activity and reduced disease activity indices in similar populations 46. Recently, it was shown that 
higher physical activity in individuals in IBD remission leads to reduced disease recurrence. 
Together, these data indicate that exercise modulates gut physiology in a way that prevents 
and/or alleviates bowel disease. Despite these intriguing findings, a mechanistic understanding 
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for how exercise can prevent intestinal diseases and syndromes has yet to be completely 
elucidated. 
 There is a growing body of literature that hints at potential mechanisms by which 
exercise training may modulate bowel disease. Recently published data from our laboratory 
described the effects of 6 weeks of both voluntary wheel running (VWR) and forced treadmill 
running (FTR) on mortality and morbity as well as inflammatory cytokine expression in the 
colon of mice subjected to chemically-induced ulcerative colitis 12.  Notably, VWR for 6 weeks 
prior to ulcerative colitis improved disease-associated symptomology and attenuated colon gene 
expression of major pro-inflammatory cytokines (IL-6, TNF- α, IL-17 and IL-1-β) in mice. 
Conversely, FTR for 6 weeks prior to DSS-colitis resulted in increased mortality and exacerbated 
the inflammatory insult of UC. Data from other laboratories have corroborated these findings, 
providing additional evidence that voluntary exercise in mice can alleviate the inflammatory 
insult from both DSS and trinitrobenzene sulphonic acid (TNBS)-induced colitis44,45). 
The mechanisms by which exercise modalities initiate differential colitis responses are not 
yet clear.  However, immunohistochemistry (IHC) of the macrophage marker F4/80 revealed an 
increased in these cells in the lamina propria after 6 weeks of FTR, but not VWR46. Moreover, 
gene expression of the chemokine ligand 6 (CCL6), a murine specific chemokine with several 
functional homologues in humans (i.e macrophage inflammatory protein-1) 47, was significantly 
elevated in the colon of FTR mice compared to SED or VWR46. Though CCL6 serves mostly as 
a macrophage chemoattractant, it can also recruit B cells, CD4+ lymphocytes, and eosinophils 47, 
48. 
 Contrary to FTR, VWR appears to initiate anti-inflammatory effects within the gut.  We 
recently showed that there was a 7-fold higher presence of commensal bacterial genera, 
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Lactobacillus spp., in colonic mucosal scrapings of VWR mice, compared to FTR or SED46. This 
finding may point in the direction of a potential anti-inflammatory mechanism of exercise on the 
gut. Importantly, Lactobacilli have beneficial properties that support colon health and immune 
function49-51, possibly through the modification of indoles52, bile acids53 and SCFAs. Multiple 
species of Lactobaclli have been used to effectively treat symptomology associated with irritable 
bowel syndrome 54, diarrhea 55, and ulcerative colitis 56.  In light of these findings, additional 
research examining the effects of exercise-induced microbial changes on gastrointestinal disease 
is warranted.  
2.4 SHORT CHAIN FATTY ACIDS 
Short-chain fatty acids (SCFAs) are mainly produced by gut microbiota as fermentation 
products of complex polysaccharides, including dietary fibers such as inulin and pectin, and 
endogenous substrates like mucins57. Overall, the nature of fermentation and the SCFA profile 
within the gut is dependent on the composition of the gut microbiota, interactions between 
microbes and the host (i.e., composition of mucin oligosaccharides), and amount/type of 
fermentable carbohydrate consumption. Following absorption, butyrate serves as a source of 
energy for the colonic epithelial cells, whereas propionate and acetate mainly act as substrates 
for gluconeogenesis and lipogenesis in the gut and the liver58, 59. Prior to metabolism, SCFAs are 
also able to interact with free fatty acid receptors (FFARs) located in the intestine and various 
other tissues60. 
SCFAs appear to have a complex and pleiotropic role in modulating metabolic and 
immune function of the host. Seminal studies demonstrated that the microbial communities of 
genetically obese mice were enriched for genes capable of harvesting energy from complex plant 
derived polysaccharides. Moreover, microbiota transfer from obese mice to germ-free mice led 
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to increased hepatic triacylglycerol accumulation, possibly through increased fermentation to 
SCFAs and thus energy harvest. Recently, it was shown that acetate, in particular, is responsible 
for enhanced parasympathetic activity, ghrelin secretion, and glucose-stimulated insulin 
secretion. As a result, acetate can promote a neural feedback loop causing hyperphagia, 
ultimately leading to enhanced ectopic fat deposition in the liver and skeletal muscle. In humans, 
more than one group have demonstrated that SCFAs are elevated in the feces of obese 
individuals, possibly indicating ability for enhanced energy harvest 61-63.   
SCFAs can also induce satiety, sensitize cells to insulin, and reduce inflammation in the 
pancreas, muscle, and adipose tissue, among others. One example is SCFA-induced leptin 
secretion via FFAR3, which regulates appetite and energy metabolism64. Meanwhile, stimulation 
of the FFAR2 receptors in the gut mediates release of glucagon-like peptide (GLP-1) to improve 
insulin secretion65, whereas signaling in neutrophils suppresses inflammation66. SCFAs can also 
directly modulate the adaptive immune system independent of FFARs. Most notably, SCFAs can 
directly modulate the metabolic phenotype of T-cells by inhibiting histone deacetylases. Butyrate 
and acetate can also stimulate goblet cells to release Muc2, an essential component of the mucus 
layer that helps maintain the intestinal barrier and tolerance to foreign antigens67. In humans, 
metagenome-wide association studies have identified butyrate-producing bacteria that are 
negatively associated with obesity and subsequent insulin resistance. For instance, Qin et al. and 
Karlsson et al. report lower proportions of butyrate-producing Clostridiales, including Roseburia 
and Faecalibacterium prausnitzii, in obese individuals68, 69. 
These conflicting data present a paradox for delegating these SCFAs into “good” or 
“bad” regarding the pathogenesis of obesity. Dichotomously, SCFAs not only may enhance 
energy harvest and contribute to excess lipogenesis in the liver, but also concurrently reduce 
 16 
inflammation, sensitize tissues to insulin, and contribute to satiety. Discrepancies in these 
findings may be related to categorizing SCFAs under one umbrella term, when, in reality, each 
metabolite has distinct metabolic effects. For instance, acetate displays more obesogenic 
potential, since it acts as a primary substrate for hepatic and adipocyte lipogenesis, compared 
with propionate or butyrate, which primarily serve as substrates for other metabolic processes 
Moreover, excess SCFA concentration in feces, alone, likely does not represent bodily turnover 
and metabolism of these molecules. Thus, future research requires a more detailed understanding 
of the transport, metabolism, and signaling of SCFAs in obesity and other chronic diseases. 
From research thus far, it is clear that SCFAs have major impacts on host physiology and 
that these effects are important in diseases such as obesity and IBD. Though much research has 
been geared towards examining the effects of diet (e.g. fiber) on SCFA metabolism, the ways in 
which other environmental factors regulate SCFAs have been less studied. Of these potential 
factors, exercise training appears to be a candidate in impacting gut SCFAs. As previously 
discussed, Matsumoto et al. (2008) showed that 5 weeks of exercise training increased cecal 
butyrate concentrations in male Wistrar rats 38. This increase was accompanied by a parallel 
upregulation in bacterial taxa responsible for butyrate production. Despite the lack of an 
established mechanism, these data give reason for exploring the effects of exercise on SCFA 
metabolism, and further, to determining the downstream physiological effects on the host. 
Targeted analysis of genes involved in the metabolism of the SCFA’s is a potential way 
to further examine the metabolic potential of gut microbiota. SCFA production involves a web of 
carbon cross-feeding between bacterial species harboring a diverse array of enzymatic 
machinery. For instance, bacteria such as Eubacterium rectale contain the enzyme butyryl-
CoA:acetate CoA-transferase (BCoAt), which allows for the utilization of exogenously 
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supplemented acetate to produce butyrate70. Meanwhile, bacteria from the genera Lactobacillus 
can shunt the glycolytic-derived lactate to bacterial strains with metabolic machinery compatible 
for the production of propionate (e.g.Propionobacterium spp) or butyrate (e.g. Anaerostipes 
caccae)71. In this context, the analysis of genes (or subsets of genes) involved in SCFA 
metabolism can help determine the net favorability of the gut microbiota to produce a particular 
SCFA. Moreover, analysis of metabolic enzyme gene content along with downstream 
metabolites can give important insight into the overall metabolic potential of the gut microbiota.   
In summary, SCFAs not only have the capacity to enhance energy harvest and contribute 
to excess lipogenesis, but also concurrently reduce inflammation, sensitize tissues to insulin, and 
contribute to satiety. These apparently conflicting data present a paradox for delegating SCFAs 
into a ‘good’ or ‘bad’ category. Discrepancies in these findings may be related to categorizing 
SCFAs under one umbrella term, when, in reality, each metabolite has distinct effects. For 
instance, acetate displays more obesogenic potential, as it acts as a primary substrate for hepatic 
and adipocyte lipogenesis, compared to propionate or butyrate, which primarily serve as 
substrates for other metabolic processes. 
2.6 SUMMARY  
Exercise appears to significantly alter the gut microbiome. This is evidenced by studies 
displaying exercise-induced changes in the mouse gut microbiome during states of health and 
disease. There also exists a smaller, but growing, body of literature indicating exercise-induced 
changes in microbial metabolites, including short chain fatty acids and bile acids.  Together, 
these data give precedence to more thoroughly investigate mechanisms by which exercise may 
attenuate the symptomology of both intestinal and non-intestinal inflammatory disease, including 
ulcerative colitis and obesity. Moreover, improvements in sequencing technologies, 
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bioinformatics pipelines and the emergence of unique animal models (Germ Free) have provided 
new opportunities to unravel the complex interplay between microbe and host. Herein, this 
dissertation will utilize these techniques to further investigate the effects of exercise on the gut 
microbiota, microbial metabolites, and host response in mice and humans.  
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CHAPTER 3 
VOLUNTARY AND FORCED EXERCISE DIFFERENTIALLY ALTER THE GUT 
MICROBIOME IN C57BL/6J MICE1 
 
3.1 ABSTRACT 
We have previously shown that voluntary wheel running (VWR) attenuates, whereas forced 
treadmill exercise (FTR) exacerbates intestinal inflammation and clinical outcomes in a mouse 
model of colitis. As the gut microbiome is implicated in colitis, we hypothesized that VWR and 
FTR would differentially affect the gut microbiome. Mice (9-10/treatment) were randomly 
assigned to VWR, FTR or sedentary home cage control (SED) for six weeks. VWR were given 
running wheel access while FTR ran on treadmill for 40 min/d at 8-12m/min, 5% grade. Forty-
eight hours after the last exercise session, DNA was isolated from the fecal pellets and cecal 
contents, and the conserved bacterial 16S rRNA gene was amplified and sequenced using the 
Illumina Miseq platform. Permutational multivariate analysis of variance based on weighted 
UniFrac distance matrix revealed different bacterial clusters between feces and cecal contents in 
all groups (p<0.01). Interestingly, the community structures of the three treatment groups 
clustered separately from each other in both gut regions (p<0.05). Contrary to our hypothesis, the 
alpha diversity metric, Chao1, indicated that VWR led to reduced bacterial richness when 
compared FTR or SED (p<0.05). Taxonomic evaluation revealed that both VWR and FTR 
altered many individual bacterial taxa. Of particular interest, Turicibacter spp., which has been 
strongly associated with immune function and bowel disease, was significantly lower in VWR 
vs. SED/FTR. These data indicate that VWR and FTR differentially alter the intestinal 
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microbiome of mice. These effects were observed in both the feces and cecum despite vastly 
different community structures between each intestinal region.  
Key words: exercise, microbiome, gut, running, forced treadmill, voluntary wheel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
________________________ 
1Reprinted from Journal of Applied Physiology, April 1. Allen JM, Berg Miller ME, Pence BD, 
et al. Voluntary and forced exercise differentially alters the gut microbiome in C57BL/6J mice. J 
Appl Physiol (1985). 2015; 118: 1059-66, DOI: 10.1152/japplphysiol.01077.2014, with 
permission from Elsevier. 
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3.2 INTRODUCTION 
The gastrointestinal (GI) microbiome represents a dense and complex network of trillions of 
microbes, mainly bacteria, which coordinate in a bi-directional manner to regulate host 
physiology 72. Notably, the microbiome has a well-recognized role in the initiation and the 
progression of many chronic diseases, both within and beyond the gut environment 73, 74. A large 
body of work has been aimed at understanding the environmental impacts, especially diet, on the 
GI microbiome 6, 75, 76. These data have provided insight into potential therapies (e.g. probiotics 
and prebiotics) which may improve GI health and aid in the prevention of inflammatory bowel 
disease (IBD) 77-79. However, the role that other environmental factors, such as physical exercise, 
play in influencing the gut microbiome remain understudied.  
A few recent studies have provided some compelling evidence that exercise has robust 
effects on gut microbial communities 9, 10, 32, 34, 37, 38, 80. In 2008, Matsumoto et al 38 first found 
that voluntary wheel running (VWR) altered the community structure of the microbiome in the 
cecum of rats. Intriguingly, the authors demonstrated that exercise increased the cecal 
concentration of the short chain fatty acid (SCFA), n-butyrate. Butryate is produced by colonic 
and cecal bacteria during polysaccharide fermentation and exerts various beneficial effects on 
epithelial and host immune cells in the GI tract 81. Additionally, we and others have shown that 
exercise-induced changes in the gut microbiome correlate strongly to changes in host 
physiology, such as improved insulin sensitivity, satiety, and cognition in mice 9, 32, 34.  Microbial 
changes brought about by exercise may also improve resilience to inflammatory insults such as 
high-fat diets and environmental toxins 9, 10, 32. It was also recently shown that exercise may alter 
the fecal microbiome in humans 37.  
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These observations provide intriguing insight into microbiome regulation and also reveal 
potential new avenues by which exercise can improve host health. However, a simple portrayal 
of how exercise alters the gut microbiome may fail to illustrate the complexity of the exercise-
gut microbiome relationship. Indeed, physiologists have long known that the modality and 
conditions (e.g. intensity, duration) under which exercise takes place influences its effects on 
host physiology, especially within the GI tract 82, 83. These effects are highlighted by the 
paradoxical, yet prominent, epidemiological evidence demonstrating a link between strenuous, 
prolonged exercise and GI disturbances (e.g. diarrhea, bloody stools, ischemic colitis) in 
endurance athletes 84, 85. Findings such as these contrast with evidence that regular, moderate 
physical activity significantly reduces the occurrence of colorectal cancer (CRC) and 
inflammatory bowel diseases (IBDs) in humans 86-88.  
Recently, our laboratory demonstrated that two exercise training modalities cause vastly 
different effects within the gut in response to colitis in mice 12. We found that six weeks of 
forced treadmill running (FTR) exacerbated, while six weeks of VWR attenuated, clinical 
symptoms and inflammation in response to acute administration of dextran sodium sulfate (DSS) 
12; one of the most common animal models of UC 89. As gut microbiota have been linked to UC 
and Crohn’s disease, we sought to define the effects of these two commonly utilized exercise-
training modalities (e.g. VWR and FTR) on the gut microbiome in C57BL/6J mice. Since unique 
metabolic and immune interactions occur in different regions of the GI tract, we also investigated 
the microbiome at two different intestinal sites, the distal colon (through fecal sampling) and the 
cecal contents. Based on our outcomes from our colitis study, we hypothesized that both exercise 
modalities would induce differential changes in diversity (higher richness in VWR and lower 
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richness in FTR), community structure, and specific taxonomy of the microbiome at both 
intestinal sites when compared to sedentary controls. 
3.3 METHODS 
Mice and Exercise/Diet Protocols: 
Adult male, 6-week old, C57BL/6J mice were purchased from The Jackson Laboratory (Bar 
Harbor, ME) and were housed in an AALAC-accredited facility. After a 2-week acclimation 
period, mice were randomly assigned to one of three groups: forced treadmill running (FTR, 
n=10), voluntary wheel running (VWR, n=10), or sedentary (SED, n=9). FTR mice performed 6 
weeks (5 days/week: total 30 sessions) of forced moderate treadmill running (8–12 m/min; 5% 
grade; ~ 480 m of running per session) for 40 min per day at the beginning of the dark cycle (~9 
am of reverse light/dark cycle). FTR mice ran under a red light while researchers used gentle 
hand prodding (with gloves) to ensure mice continued to exercise. Soft sponges were placed at 
the back of the treadmill lanes to provide tactile sensation while reducing risk for injury. The 
VWR mice were housed in cages with free access to telemetered running wheels (Respironics, 
Bend, OR) for 30 days. The SED mice remained in singly housed cages for the study duration. 
To control for stress associated with treadmill running, we handled all groups for an equal 
amount of time on the treadmill intervention days (5 days/week). We also controlled for the 
number of days of exposure to exercise (n=30), but did not control precisely for exercise 
intensity or volume between the two different exercise modalities, as mice choose to perform 
VWR. Mice were fed a commercial diet (Teklad 8640, Harlan Laboratories, Indianapolis, IN) 
throughout the study and food and water intake were recorded daily. The University of Illinois 
Urbana-Champaign IACUC approved all experiments. 
Euthanasia and Sample Collection: 
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To minimize the influence of possible acute exercise-induced changes in the gut microbiome, 
mice were euthanized via rapid CO2 asphyxiation followed by cervical dislocation 48 h after the 
last exercise session in both FTR and VWR. Ceca and colon contents were removed from the 
animals and dissected longitudinally. Fecal samples were collected directly from the distal colon 
at < 2 cm from the rectum, snap frozen by liquid N2 and stored at -80ºC. Cecal contents were 
collected directly from ceca, snap frozen and stored at -80ºC.   
DNA Isolation, Preparation and Sequencing: 
Fecal and cecal content DNA was extracted and isolated using a Powersoil kit (MoBio, 
Carlsbad, CA) according to directions provided by the manufacturer. The V3 and V5 regions of 
the bacterial 16S rRNA gene were targeted using primers 357F 
(AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTCCTACGGGAGGCAGC
AG) and 926R (CAAGCAGAAGACGGCATACGAGAT-NNNNNNNNNNNN-
AGTCAGTCAGCCCCGTCAATTCMTTTRAGT) with barcodes 1–60 from Caporaso et al 
(2011) 90. These regions were then amplified via polymerase chain reaction (PCR) using Kapa 
HiFi HotStart ReadyMix (Kapa Biosystems, Boston, MA). PCR was performed according to the 
following cycles: 98°C for 45s, then 25 cycles of 98°C for 15s, 65°C for 30s, 72°C for 30s; final 
extension of 72°C for 2 min. Electrophoresis of samples was used to verify amplicon specificity. 
Samples were then purified using a Qiagen QIAquick PCR Purification kit (Qiagen, Valencia, 
CA). PCR amplicons were pooled and then diluted to 10mM for sequencing on a MiSeq 
(Illumina, San Diego, CA). Paired-end sequencing with read lengths of 250 base pairs (2x250) 
was completed with the following primers: 357F926R_read1 
(TATGGTAATTGTCCTACGGGAGGCAGCAG), 357F926R_read2 
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(AGTCAGTCAGCCCCGTCAATTCMTTTRAGT), and 357F926R_index 
(ACTYAAAKGAATTGACGGGGCTGACTGACT). 
Sequencing Outcome: 
After quality assessment whereby reads with less than 187 bp in both R1 and R2 were 
discarded, a total of approximately 7,987,231 sequence reads with a mean of 137,710 
reads/sample were deemed suitable for analysis. One cecal sample from the SED group was 
exempted from analysis due to a very low number of reads (21). After these steps, the range of 
sequences/sample was 16,081 to 1,110,585.   
Sequence Analysis and Statistics: 
Sequence reads were aligned using the Illinois-Mayo Taxon Operations for RNA Dataset 
Organization (IM-TORNADO), a custom alignment tool designed by Jeraldo et al (Plos One, In 
Press) IM-TORNADO merges paired end reads into a single multiple alignment and obtains taxa 
calls and clusters sequences into operational taxonomic units (OTUs) using AbundantOTU+ 91, 
92. Further analysis and visualization was performed using Quantitative Insights into Microbial 
Ecology (QIIME) version 1.8.0 93. Two classifications of bacterial diversity are termed ‘alpha’ 
and ‘beta’. Based on α-diversity rarefaction plots (not shown) we used the minimum 
sequences/sample (16,081) as our sequencing depth for all analyses comparing cecal contents 
and feces. For comparing exercise interventions within each GI area, the lowest number of 
sequences per sample at each respective intestinal site (77,984; fecal) and (16,081; cecal 
contents) was used for sequencing depths. Analysis of alpha diversity (i.e. Chao1 and Shannon 
index) and taxonomy (i.e Phyla, OTUs) was performed by a one-way analysis of variance 
(ANOVA) or a non-parametric Kruskal-Wallis. Kruskal-Wallis tests were used in place of 
ANOVA if variances were found to be unequal between groups. All variances were assessed 
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through a Brown-Forsythe equality of variances test. Multiple comparisons of taxonomy were 
corrected by the Benjamini and Hochberg false discovery rate (FDR) correction factor at 
alpha=0.05 94. Correlations of taxa between the cecum and feces were carried out by Spearman 
rank correlation coefficient (Spearman Rho). Community structure (beta-diversity) of the 
weighted and unweighted UniFrac distance metrics were generated from QIIME, visualized 
using EMPeror, and analyzed by permutational multivariate analysis of variance 
(PERMANOVA) 95, 96. Alpha (statistical) was set a priori at 0.05 for all tests of significance.  
3.4 RESULTS  
Body weight changes and running distances 
Body weight change (%) was similar among groups (p>0.05) in response to the interventions 
(9.5+2.9, 8.0+1.9 and 6.25+2.2 for SED, VWR and FTR, respectively). The VWR group 
averaged 5,836 + 132 meters/night (mean + SEM) (range: 5,123-7,205 meters/night) over the 30-
day period.  
Differences in microbial community structure between feces and cecal contents 
Permutational Multivariate Analysis of Variance (PERMANOVA) of the weighted UniFrac 
distance metric displayed that vastly different bacterial community structures existed between 
the feces and the cecal contents (p<0.01). Visualization of these communities via Principle 
Coordinates Analysis (PCoA) displays site-specific clustering of these bacterial communities 
(Figure 3.1).   
VWR and FTR differentially alter richness and evenness of gut bacterial populations 
The alpha diversity metric, Chao1, revealed differences in species richness among the three 
groups (SED, FTR, VWR) in both the feces (Kruskal-Wallis=5.82, p<0.05) and the cecal 
contents (Kruskal-Wallis 9.870, p<0.01) (Figure 3.2A, 3.2B). Contrary to our hypothesis, VWR 
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exhibited the lowest species richness of the three groups in both areas of the GI tract.  However, 
the Shannon index, a measurement of community richness and evenness, depicts a different view 
of alpha diversity. Contrary to the Chao1 index, the groups did not differ when measured by the 
Shannon index in the feces (F2, 26: 2.11; p=0.141) (Figure 3.2C), while VWR trended higher 
versus SED and FTR in cecal contents (F2, 25: 2.91; p=0.07) (Figure 3.2D).  
VWR and FTR differentially regulate community structure of the gut microbiome 
Principle coordinates analysis based on weighted (Figure 3.3A) and unweighted UniFrac 
(Figure 3.3B) distance metrics revealed that exercise interventions differentially altered the 
community structure in the feces and the cecum (PERMANOVA p<0.05). Notably, however, the 
two phylogenetic distance metrics (unweighted vs. weighted) reveal distinctive views of 
community structure. The unweighted UniFrac exposes clustering of the FTR group. Conversely, 
PCoA of the weighted UniFrac reveals distinct clusters representing all three groups (FTR, VWR 
and SED). A similar phenomenon is also evident when measuring the community structure of the 
cecal contents. Here, the unweighted UniFrac again reveals clustering of the FTR group (Figure 
3.4A), while the weighted UniFrac displays clustering of the VWR group, but not SED and FTR. 
(Figure 3.4B).   
Voluntary wheel running and forced treadmill running alter multiple phyla, genera and 
OTUs within both areas of the GI tract 
The two major phyla of bacteria in the GI tract (Bacteroidetes and Firmicutes) were 
unaltered by exercise training at both intestinal sites. However, Tenericutes and Proteobacteria, 
two less abundant bacteria phyla, were elevated by FTR versus SED/VWR in the feces (FDR 
p<0.05) (Figure 3.5). A total of eight bacterial genera were altered by some form of exercise 
training (FDR p<0.05). Of these genera, three were altered at both intestinal sites (Dorea, 
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Turicibacter and Anaerotruncus). Table 3.1 displays the relative abundance versus sedentary 
controls at the end of the exercise interventions. A total of 21 operational taxonomic units 
(OTUs) were altered by exercise training in the cecum and five OTUs were altered in the feces 
(FDR p<0.05). Table 2 displays the OTUs altered by exercise training. 
Bacterial genera altered by exercise correlate between sequenced regions of the GI tract 
Exercise alters specific bacterial genera such that the relative abundance of these taxa are 
significantly correlated between intestinal areas. Figure 3.6 displays a strong relationship of two 
genera (Turicibacter and Anaerotruncus) between the feces and cecum, both of which were 
significantly altered by VWR. 
3.5 DISCUSSION 
This study examined the effects of two common exercise modalities, forced treadmill 
running and voluntary wheel running, on the gastrointestinal microbiome in C57BL/6J mice. The 
novel findings of this study are: (1) exercise modalities differentially altered alpha diversity, as 
measured by Chao1 index, implying that forced and voluntary exercise have contrasting effects 
on bacterial community richness, (2) PCoA, based on both weighted and unweighted UniFrac 
distance metrics, revealed that exercise modalities differentially altered bacterial community 
structure, (3) the distinct clustering of the FTR group, visible through the PCoA in the 
unweighted UniFrac, but not the weighted UniFrac, indicated that less abundant bacterial species 
may be evident in the bacterial communities of these FTR mice, (4) many bacterial taxa, 
measured at the phylum, genus and OTU level, were differentially altered by the exercise training 
modalities, some of which may be related to intestinal immune function and implicated in 
inflammatory bowel diseases, and (5) a portion of bacterial genera were similarly affected in 
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both intestinal regions (feces and cecum), despite different community structures of these 
intestinal sites. 
  Alpha diversity metrics reveal differences in how exercise modalities altered the richness 
and the evenness within each bacterial community. In this study, analysis by the Chao1 index 
revealed that mice that voluntarily exercised had, on average, reduced community richness 
compared to mice that remained sedentary or were forced to exercise. These results were initially 
perplexing, as lower richness of bacterial populations has been associated with disease states, 
including IBD in humans and DSS colitis in mice 97, 98. Thus, the lower richness of the VWR 
group did not match with the beneficial effects of VWR in the large intestine, which has been 
observed in our previous study examining ulcerative colitis 12, as well as other studies 
investigating exercise and the microbiome 12, 32, 38. However, a recent studied showed that 
metformin, an anti-diabetic drug, also reduced the alpha diversity (richness) of the gut 
microbiome when given to mice fed high-fat diets 99.  Metformin, like exercise, activates 
intracellular adenosine monophosphate protein kinase (AMPK) in many cell types, improves 
skeletal muscle insulin sensitivity and improves disorders related to metabolic regulation in mice 
and humans 100. Such similarities indicate that the changes in microbiome diversity may be 
related to the anti-inflammatory and anti-diabetic actions of these two treatments. Despite these 
resemblances, however, it is still unclear why the two exercise modalities differentially alter 
alpha diversity. 
  Unlike the Chao1 Index which measures community richness, the Shannon Index is an 
alpha diversity index that measures both community richness and evenness. Interestingly, unlike 
Chao1, diversity trended higher in the VWR compared to SED and FTR when analyzed by the 
Shannon Index (Figure 3.2D). Therefore, these data imply that despite the lower richness of the 
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microbial communities in the VWR group (Chao1), the VWR bacterial populations are more 
evenly distributed when compared to FTR/SED (Shannon). These data also suggest that different 
exercise modalities (FTR and VWR) have unique roles in shaping bacterial community diversity. 
Beta diversity analysis, meanwhile, revealed differences in how exercise modalities shaped the 
community structure of the microbiome. Briefly, beta diversity determines how much 
phylogenetic distance is shared between samples and effectively measures the ‘number of 
distinct communities’ with a given region 101.  In this study, the most striking differences, 
revealed by PCoA, was the distinct clustering of the FTR groups at both intestinal sites as 
measured by the unweighted UniFrac distance metric (Figure 3.4A and 3.4B). This is in contrast 
to the weighted UniFrac metrics, which do not display distinct clustering of the FTR group 
(Figures 3.3B and 3.4B).  It is important to note that the unweighted UniFrac measures the 
presence and absence of particular bacteria taxa(s) and is a more ‘qualitative’ measure of beta 
diversity. Therefore, the unweighted UniFrac is more sensitive to rare species within a bacterial 
community than a similar analysis performed with a weighted UniFrac 102. As such, the distinct 
clustering of the FTR group by the unweighted metric may indicate that rare bacteria are altering 
the community structure of this group. This assertion is also supported by the previously 
discussed alpha diversity analysis, in which community richness trended higher (Chao1), but 
evenness trended lower (Shannon) in the FTR group versus SED controls. Together these 
separate, yet interrelated, diversity analyses may indicate an expansion of rare bacterial species 
within the large intestine of the FTR mice.  
Meanwhile, the weighted Unifrac, a distance metric more sensitive to abundant lineages, 
provides a very different view of microbial community structures 102. Here, clustering of SED 
and VWR bacterial communities are more evident (Figures 3.3B and 3.4B). This is perhaps best 
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exemplified by distinct clustering of all intervention groups in the feces (SED, VWR and FTR) 
(Figure 3.4B). Regardless of the analytic tool, these data suggest that microbial communities are 
differentially altered by exercise modalities at both intestinal sites. Meanwhile, the distance 
metrics used to analyze the data (weighted and unweighted Unifrac) produced different visual 
representations of the microbiome community structures. 
 Contrary to another study examining exercise and the gut microbiome 32, this study 
revealed no differences in the two main bacteria phyla, Bacteroidetes and Firmicutes, by either 
of the training modalities. However, we did observe that two less abundant bacterial phyla, 
Tenericutes and Proteobacteria, were elevated in the feces of the FTR group. The bacteria that 
represent these phyla contain a gram-negative cell wall and thus present a primary endotoxin, 
lipopolysaccharide (LPS), to gut epithelial cells and immune cells. An FTR-induced increase in 
these phyla may imply some form of pathogenesis (or risk thereof) within the GI tracts of FTR 
mice 103. Intriguingly, almost all of the Proteobacteria were represented by one family, 
Epsilonproteobacteria and one genus, Nautilia spp., Importantly, Nautilia spp. are closely 
related to other genera of Epsilonproteobacteria, such as Helicobacter spp. and Camplyobacter 
spp., which have well established pathogenic roles in mammalian GI tracts 104.  However, it is 
important to recognize that certain taxa of Epsilonproteobacteria have been recognized for other 
unique metabolic processes which are not necessarily detrimental to the gut 104. Meanwhile, 
Tenericutes was represented by a single family, Mollicutes, which has been shown to increase 
with high-fat diets in mice and has also been associated with ulcerative colitis in humans 99, 105. 
On the contrary, another study has shown that phylum Tenericutes was significantly reduced in 
mice with colitis, possibly indicating an important role for this phylum in maintaining GI 
homeostasis 97. As such, the diverse functions and environmental responses that accompany 
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these bacterial phyla highlight the complexity in relating changes in high level taxonomy to host 
physiological parameters. Nevertheless, how the roles of Proteobacteria and Tenericutes relate 
to exercise and host physiology should be pursued in future studies.  
Both forms of exercise training also altered numerous taxa of bacteria at the genus level. Of 
the genera altered by exercise, the genus Turicibacter was of particular interest. Notably, this 
particular genus was significantly lower in the VWR group compared to FTR/SED at both 
intestinal sites (Table 3.1). Moreover, the abundances of Turicibacter significantly correlated 
between the cecum and the feces (Figure 3.6), further implying that this taxa may have 
important roles in GI physiology. The reduction of Turicibacter by VWR is similar to what was 
observed by Evans et al. (2014), who also showed a significant decrease in the Turicibacteraceae 
family as a result of voluntary exercise in the feces of mice 32. Interestingly, there is also 
evidence that GI Turicibacter populations are reliant on host immune cells and bacterial sensors 
for survival. To this point, Dimitriu et al. (2013) showed that two immunodeficient mouse 
models (innate immune deficient [e.g. CD45 phosphatase deficient] and B and T-cell deficient 
[e.g. RAG]) had completely abolished Turicibacter populations within the GI tract compared to 
wild type (WT) which had populations composing 12% of total bacteria 106. Meanwhile, 
Kellermayer et al. (2011) showed a completely abolished Turicibacter population in Toll-like 
receptor-2 (TLR2) knockout mice compared to WT mice, again suggesting an interaction 
between this bacterial population and host immune regulation 107.  In addition, Turicibacter was 
strongly associated with the well-known pathogenic bacteria, Clostridium perfringens, in the 
pathogenesis of ileal pouchitis in humans with prior UC 108. In light of these data, it is reasonable 
to suggest that Turicibacter has a unique bi-directional relationship with the mammalian immune 
system and the pathogenesis of IBD. Thus, the reduction of Turicibacter populations by 
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voluntary exercise, now shown by two independent studies, indicates that this bacterial 
population may be an important focal point for future studies examining exercise and GI health.   
 Exercise also induced noticeable changes at the OTU level of taxonomic rank, as 21 and 
five OTUs were altered in the cecum and feces, respectively (FDR p<0.05). Importantly, 23 out 
of the 26 of these taxa were significantly higher in the FTR group compared to SED, suggesting 
the forced exercise has robust effects on how these bacteria replicate and survive. These included 
OTUs that mapped to Ruminococcus gnavus, Butyrivibrio spp., Oscillospira spp., and 
Coprococcus spp. Notably, these four OTUs were altered at both intestinal sites, which indicates 
these bacterial species may be distinctly sensitive to the FTR exercise interventions. Of these 
specified bacteria, Ruminococcus gnavus has well defined roles in intestinal mucus degradation 
and has been directly implicated in inflammatory bowel disease 109, 110.  
It is important to note that despite the fact that exercise alters some ‘low abundance’ genera 
and OTUs it should not discredit the possible physiological significance of these changes.  In 
fact, low abundance microbes have been proposed to be ‘microbial seed banks’ which allow 
community adaptation to environmental changes 111.  Moreover, it is also postulated that low 
abundance microbes may harbor keystone species, which can have profound effects even at a 
low abundance 112. 
Based on these OTU data and the previously discussed diversity analyses, it is our conjecture 
that FTR is serving as a stressful stimulus to mice, and thus altering the bacterial structure within 
the GI tracts of these animals. FTR as a stressful paradigm is supported by previous data from 
our laboratory, which showed increased adrenal weights and reduced thymic weights in FTR 
mice 12. With regards to environmental regulation, other stressful stimuli, such as restraint stress 
and social disruption, can also alter bacterial ecology within the GI tracts of mice 113, 114. 
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However, these stimuli induce different effects in the diversity and taxonomy of gut bacteria, and 
thus drawing parallels between these stress paradigms is difficult. Moreover, many of the OTUs 
altered by forced exercise in this study remain unclassified (i.e Coprococcus spp.) and thus, the 
physiological relevance of these taxa is difficult to interpret. Regardless, a better understanding 
into the regulation of the microbiome by stressful encounters, including FTR, will likely reveal 
unique microbial-host interactions that are important for GI and systemic health. 
3.6 CONCLUSIONS 
 In summary, this study provides the first evidence that forced and voluntary exercise 
induce distinct effects on the gut microbiome in mice. This is supported by different 
presentations of bacterial community diversity, structure, and taxonomy between the intervention 
groups. Moreover, these data provide evidence that exercise can alter the microbiome at more 
than one intestinal site, as changes were observed within the cecum and the feces located in the 
distal colons of these mice. These microbial changes brought about by exercise may also have 
implications in the pathogenesis of IBD, colorectal cancer, nutrient absorption, immune function 
and host physiology. This is evidenced by differences in particular bacterial taxa between the 
intervention groups, such as Turicibacter, which has bi-directional relationships between host 
immune function and is also implicated in IBD in humans. We are aware of the overall 
descriptive nature and the inherent limitations of this study. Notably, this study did not address 
any transcriptional or protein changes within the bacterial communities, thus we are limited to 
assessing the genomic community structure of these bacteria populations. Nevertheless, data 
such as these are useful for hypothesis generation and future testing of interactions between the 
gut microbiota and the host.  
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3.7 FIGURES AND TABLES 
 
FIGURE 3.1 
Figure 3.1. 3-Dimensional Principle Coordinates Analysis (PCoA) based on the weighted 
Unifrac distance of all sequenced samples. Clustering reveals significant differences in 
community structure between feces and the cecal contents (PERMANOVA p<0.01). Axes 
represent ‘percent data explained’ by each coordinate dimension.  
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FIGURE 3.2 
 
Figure 3.2.  Alpha-diversity analysis of bacterial communities in the feces (A, C) and cecal 
contents (B, D) of mice. The richness metric, Chao 1, reveals a significant reduction (*) in 
species richness in the VWR group versus SED/FTR (Dunn’s post-hoc) at both intestinal sites A) 
Feces: Kruskal Wallis=5.82, p<0.05; B) Cecum: Kruskal Wallis 9.870, p<0.01. Meanwhile, 
measurements of community richness and evenness by the Shannon Index reveals no difference 
in diversity C) Feces: F2, 26= 2.11, p=0.14; D) Cecum: F2, 25=2.910, p=0.07; § denotes 0.05 < p < 
0.10 vs. FTR. Alpha diversity determines the richness and evenness within bacterial populations. 
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FIGURE 3.3 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Principle Coordinates Analysis (PCoA) based on A) unweighted Unifrac and B) 
weighted Unifrac distance metrics within the feces of mice. Clustering reveals significant 
differences between groups (PERMANOVA p<0.05). Axes represent ‘percent data explained’ by 
each coordinate dimension. Beta diversity determines the phylogenetic distance shared between 
samples and effectively measures the ‘number of distinct communities’ within a given region. 
The ovals in the figure do not represent any statistical significance, but rather serve a visual 
guide to group differences.  
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FIGURE 3.4 
 
Figure 3.4. Principle Coordinates Analysis (PCoA) based on A) unweighted and B) weighted 
Unifrac distance metrics of the cecal contents. Clustering reveals significant differences between 
groups (PERMANOVA p<0.05). Axes represent ‘percent data explained’ by each coordinate 
dimension. The ovals in the figure do not represent any statistical significance, but rather serve a 
visual guide to group differences.  
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FIGURE 3.5 
Figure 3.5. Relative abundance (as measured by percent of total bacteria) of two bacteria phyla, 
A) Tenericutes and B) Proteobacteria. * Denotes FDR p<0.05. 
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FIGURE 3.6 
 
 
Figure 3.6. A) genus Turicibacter and B) genus Anaerotruncus relative abundance (% of total 
bacteria) significantly correlate between the two intestinal regions (Feces vs. Cecal Contents 
(Cc)) Turicibacter: Spearman Rho=0.735; p<0.01. Anaerotruncus: Spearman Rho=0.453; 
p<0.05. 
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TABLE 3.1 
 
Table 3.1. Genera (% of total representation) significantly altered by six weeks of exercise 
training.  * FDR p<0.05.  **FDR p<0.01 vs. SED. 
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TABLE 3.2 
 
Table 3.2.  Operational Taxonomic Units (OTUs) significantly altered by exercise training. Fold 
difference is based off of average number of OTU reads per group versus SED controls. OTUs 
are significantly different at FDR p<0.05.  
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CHAPTER 4 
EXERCISE TRAINING-INDUCED MODIFICATIONS OF THE GUT MICROBIOTA 
CAN MEDIATE HOST RESPONSE TO MICROBIAL COLONIZATION AND COLITIS 
INSULTS IN GNOTOBIOTIC MICE 
 
4.1 ABSTRACT 
Background Exercise training can improve health and reduce the risk of metabolic and 
inflammatory disease through the modulation of numerous tissues and organs.  Recent data also 
indicates that exercise can alter the gut microbiome (GM); a consortium of trillions of microbes 
that constantly interacts with mucosal tissues to shape host immunity, metabolism and nervous 
function. Here, we use a germ-free animal model to provide evidence that exercise training-
induced modifications in the GM of mice can directly affect host physiology. Results: Our key 
findings are that microbial transplants from donor-exercised or donor-sedentary mice led to 
differences in GM communities, short chain fatty acid profiles, colon inflammation and body 
mass in recipient, gnotobiotic animals after five weeks of colonization. In a second experiment, 
we demonstrate that exercise-induced changes in the GM can also attenuate the response to a 
dextran-sodium sulfate-induced colitis, evidenced by reduced colon shortening, attenuated goblet 
cell mucus depletion and augmented expression of cytokines involved in tissue regeneration in 
mice that received an ‘exercised-GM’.  Conclusions: We conclude that exercise-induced 
modifications in the gut microbiota can directly modify gut microbial metabolism and host-
microbial interactions with potentially beneficial outcomes for the host. 
 
Keywords: exercise, microbiome, gut, microbiota, colitis, germ-free, transplant, colonization 
inflammation, voluntary wheel running 
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4.1 INTRODUCTION 
Participation in regular, moderate exercise has been shown to be beneficial for numerous 
tissues including muscle, adipose and brain, and can reduce the incidence of metabolic and 
inflammatory disease in humans and in animal models14, 15. Recent studies have also revealed 
that exercise training can influence the gut and its associated gut microbiome (GM) in rodents10, 
35, 36, 38. Importantly, changes in the GM induced by exercise training have been associated with 
parallel changes in host physiology, including alterations in metabolism, immunity, and 
behavior9, 34. Other studies have indicated that exercise-induced changes in the GM may also be 
involved in the modulation of disease states. For instance, exercise can affect the GM during 
exposure to a high fat-diet9, 32 experimental diabetes33 and toxin-induced dysbiosis10 in mice. 
However, the majority of these findings are correlational and fail to address the role of GM in 
mediating the effects of exercise on host physiology. A more definitive approach is warranted to 
determine whether exercise-induced changes in the GM can impart meaningful changes in host 
physiology and our study helps address this gap. 
Experiments using germ-free (GF) mice colonized with known bacterial communities 
(i.e. gnotobiotic mice) provide an opportunity to study environmental regulation of host-GM 
interactions. Indeed, a growing number of studies have indicated direct relationships between the 
GM (e.g. through diet and antibiotic use) and host function. These studies have revealed that 
environmentally-induced changes in GM and GM-derived metabolites (e.g. short chain fatty 
acids) can directly and robustly influence the structure of the mucus layer and the development 
of the immune system after GM colonization in GF animals115, 116. The dynamics of colonization 
in GF animals, therefore, may serve to partially mimic early life developmental processes in 
conventionally raised animals, during which time the GM and host are most malleable and 
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acutely responsive to environmental stimuli117. In line with this hypothesis, a recent study has 
shown that exercise training-induced GM changes are most robust in early developmental stages 
in conventionally-raised animals36. In turn, it is vital to study how exercise-induced GM 
modifications can directly shape host physiology upon early exposure to microbial communities.  
The influence of the GM on host function is also critically important to study in the 
context of inflammatory bowel diseases, such as ulcerative colitis (UC)118. UC is an 
inflammatory condition in which open lesions and ulcers develop throughout the epithelial and 
mucosal layers of the colon119. The etiology of UC is not completely understood, but it appears 
to arise from an aberrant immune response to the GM as a result of a disrupted mucus and 
epithelial barrier120-122. Though current treatments, such as anti-inflammatory aminosalicylates, 
corticosteroids and targeted monoclonal antibiotic therapy (e.g. anti-TNF), are sometimes 
successful in preventing symptomology, their use is often associated with drug resistance, 
inconsistent long-term efficacy, and undesirable side-effects123,124. Therefore, it is vital to 
investigate adjunctive therapeutic approaches for preventing and attenuating UC. 
Epidemiological studies in humans have shown that exercise training may reduce the symptoms 
of disease and improve the quality of life for patients with UC43 125. There is also a strong body 
of epidemiological evidence indicating that exercise also minimizes the risk for developing 
colorectal cancer126, a disease that can originate from chronic ulcerative colitis. Research from 
our laboratory and others have shown that voluntary exercise training can attenuate the 
inflammatory insult and disease symptomology in mouse models of colitis12, 127, further 
providing evidence that moderate exercise can beneficially affect the gastrointestinal tract and 
disease outcomes. Unfortunately, a mechanistic understanding as to how exercise may modulate 
intestinal diseases and syndromes is far from fruition.  
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In this report, we investigated for the first time whether exercise-induced changes in the 
GM altered microbial colonization and host physiology in recipient gnotobiotic mice after a 
transplant of an ‘exercised’ or ‘sedentary’ GM. In a second experiment, we explored whether a 
transplanted ‘exercised GM’ could attenuate the clinical symptomology and inflammatory insult 
of dextran-sodium sulfate (DSS)-induced colitis, which we and others have previously shown 
possible in conventionally raised mice12,127. We hypothesized that exercise-induced 
modifications in the GM of donor mice would lead to altered GM and reduced colon 
inflammation in recipient, germ-free mice that received an ‘exercised-GM’ (but did not exercise 
themselves) after five weeks of colonization. Additionally, we hypothesized that transplant of an 
‘exercised-GM’ into sedentary recipient mice would attenuate the clinical symptomology and the 
inflammatory response to DSS-induced colitis when compared to mice that received a 
‘sedentary-GM’. 
4.3 METHODS 
Figure 4.1 depicts the research design of two independent experiments intended to 
address the effects of exercise training on response to colonization (Experiment 1) and 
colonization effects on experimental colitis (Experiment 2). All experiments were completed in 
accordance with the guidelines of the Institutional Animal Care and Use Committees of the 
University of Illinois and the Mayo Clinic (Rochester, MN). 
Donor mice, exercise protocols and tissue collection. 
 Adult male, 6-week old, C57Bl/6T mice were purchased from Taconic Farms (Germantown, 
NY) and were singly housed in an AAALAC-accredited facility at the University of Illinois at 
Urbana-Champaign (UIUC). All mice were maintained on Lab Diet 5K67 (St. Louis, MO). After 
a one-week acclimation, mice were randomly assigned to two activity groups: exercise (Donor-
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Exercise, D-EX, n=10), or sedentary (Donor-Sedentary, D-SED, n=10). The D-EX mice were 
housed in cages with free access to telemetered running wheels (Respironics Bend, OR) while D-
SED remained without access to a wheel for 42 days. D-EX ran 5.1 + 0.7 km.day-1. One mouse 
died unexpectedly in within the first week of beginning the experiment leaving n=9 within the D-
SED group. After 42 days, mice were euthanized via rapid CO2 asphyxiation followed by 
cervical dislocation. Ceca, colon contents and fecal samples were snap frozen by liquid N2 and 
stored at -80oC.  
Gut microbiota transplant and colonization.  
 Cecal contents from donor mice were separated and pooled together by activity group (i.e. 
sedentary or exercise). Contents were diluted in pre-reduced phosphate buffered saline (PBS) 
(1:2 volume [contents]/volume [PBS]) and orally gavaged into two cohorts (Exp1 or Exp2) of 
equally distributed GF male and female, 4-5 week old C57Bl6/T mice (n=15-16/activity group).  
All recipient mice were maintained in gnotobiotic isolators at the Mayo Clinic (Rochester MN) 
prior to and after the GM transplant. The germ-free status of all mice prior to transplant was 
confirmed by aerobic and anaerobic culture, gram stain and PCR using universal 16S rRNA 
primers. For Exp1 (colonization effect alone), mice were sacrificed 35 days after initial 
colonization (Recipient-Sedentary [R-SED]; Recipient-Exercise [R-EX] (Figure 4.1). For Exp2, 
a second cohort of gnotobiotic mice were colonized for 28 days and then subjected to an acute 
five day dextran-sodium sulfate colitis (DSS) insult (Recipient-Sedentary-DSS [R-SED-DSS]; 
Recipient-Exercise-DSS [R-EX-DSS] (Figure 4.1). All recipient mice were co-housed by sex (4-
5 per cage) and remained without access to a running wheel during the colonization (Exp1 and 
Exp2) and DSS treatment (Exp2). All recipient mice were maintained on an autoclavable Lab 
Diet 5K67 standard chow throughout the experimental protocols. 
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Dextran sodium sulfate-induced colitis. 
 Regular drinking water was replaced by 2% DSS (w/v, MP Biomedical, 36,000-50,000 MW) 
and administered for 5 days, followed by a return to regular drinking water for 3 days before 
sacrifice. Daily measurements of body weight and food and fluid intake were made during and 
after DSS administration. In addition, mouse feces were evaluated for consistency/diarrhea (e.g. 
formed pellet vs. semi-formed/soft), and mice were observed daily for the presence of rectal 
bleeding.  
Tissue collection. 
 All recipient mice were euthanized via rapid CO2 asphyxiation followed by cervical 
dislocation. The colon was removed and colon length was assessed using digital calipers to the 
nearest millimeter. Small distal colon tissue sections (~ 2mm) were excised and then placed in 
Carnoy’s fixative (60% ethanol, 20% chloroform and 10% acetic acid) for 4 hours and then 
placed in 100% ethanol until tissue embedding. The remaining colon tissue and feces were 
excised and stored at -80ºC for gene expression and sequencing analysis, respectively. For SCFA 
analysis, whole ceca were excised and aliquots of fresh of cecal contents were weighed for dry 
matter (DM) or placed in acid (see below for complete SCFA protocol).  
 
Bacterial DNA isolation and 16S rRNA sequencing.  
Fecal bacterial DNA was extracted from all donor (n=9-10/group) and a subset of 
recipient mice (n=11/group) by using the PowerLyzer PowerSoil DNA Isolation Kit (MOBIO 
Laboratories, Inc.). After extraction and DNA quality assurance through gel electrophoresis, 
library construction was completed using a Fluidigm Access Array system in the Functional 
Genomics Unit of the Roy J. Carver Biotechnology Center at the University of Illinois at Urbana. 
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After library construction, 300 bp of the V4 region of the 16SrRNA gene were amplified 
according to Caporaso et al.90 and sequenced at the WM Keck Center for Biotechnology at the 
University of Illinois using an Illumina MiSeq2000 with the use of V3 reagents (Illumina Inc.). 
High-quality (> 25) sequence data (FASTQ) were analyzed with QIIME 1.8.054. For quality 
control, sequences were depleted of barcodes and primers, and short sequences (< 237 bp), 
sequences with ambiguous base calls, and sequences with homopolymer runs exceeding 6 bp 
were removed. After removal of singletons, OTUs were then classified using closed reference 
picking with the Ribosomal Database Project (RDP) at 97% similarity.  Weighted and 
unweighted UniFrac distances were computed at an even sampling depth of 11,058 sequences 
per sample, a value chosen based off of alpha-diversity rarefaction curves (data not shown). 
Distal colon gene expression. 
 Quantitative real-time PCR was used to assess differences in gene expression in colon tissues 
of recipient mice (n=15/16 per group). RNA from ~20-30 mg of homogenized colon tissue was 
extracted using a modified RNeasy mini kit protocol (Qiagen) and stored at −80°C. 
Complementary DNA was synthesized by reverse transcription reaction using commercial kits 
[Life Technologies Co. (Applied Biosystems)] and random primers. The RNA sample 
concentrations and purities were analyzed by a spectrophotometer. Next, qRT-PCR was 
completed on with the 7900HT Fast Real-Time PCR system (SDS Enterprise Database; Life 
Technologies; Carlsbad, CA) with use of Taqman® master mix (Applied Biosystems, Carlsbad, 
CA). Target genes were expressed relative to Gapdh (Mm99999915_g1) using the ΔΔ-Ct method 
as fold change, with the R-SED or R-SED-DSS serving as calibrator control for experiments 1 
and 2, respectively.  All primers used for colon gene expression are referenced in 
Supplementary Table 4.4. 
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Distal colon histology. 
 Carnoy’s fixed distal colon samples were paraffin embedded, and 3-μm sections were stained 
with hematoxylin and eosin (H&E). Histology was scored by a trained, blinded observer on a 
modified version of a published scoring128 system that considers four criteria: inflammatory cell 
infiltration (0 - 4), goblet cell mucus depletion (0 - 4); destruction of architecture (0 - 4) and 
crypt abscesses (0 - 4). Overall histology score was quantified using an aggregate of these scores. 
Short chain fatty acid analysis. 
 SCFAs were analyzed as described previously by Panasevich et al (2015)129. Briefly, cecal 
contents were weighed and acidified in 6.25% meta-phosphoric acid solution and stored at 
−20°C until analysis. Cecal SCFA concentrations were determined by gas chromatography by 
using a gas chromatograph (Hewlett-Packard 5890A Series II) and a glass column (180 cm × 4 
mm i.d.), packed with 10% SP-1200/1% H3PO4 on 80/100 + mesh Chromosorb WAW (Supelco, 
Inc.). Nitrogen was the carrier gas with a flow rate of 75 mL/min. Oven, detector, and injector 
temperatures were 125°, 175°, and 180°C, respectively. Acetic, n-butyric, and propionic acid 
solutions (Sigma-Aldrich) were used as standards. 
Butyryl CoA:Acetate CoA transferase (BcoAT) gene quantification. 
Isolated bacterial DNA (as described above) was assessed for the relative abundance of 
butyryl CoA: acetate CoA transferase gene content by qPCR as described by Louis and Flint 
(2007)70.  Briefly, real-time PCR experiments were performed with SYBR Green Master Mix 
(Applied Biosystems) as a probe in a total volume of 20ul. BCoAT gene quantification was 
analyzed in parallel with the 16S rRNA (total bacteria). The amplification cycle used was 1 cycle 
 70 
of 95°C for 3 min; 40 cycles of 95°C, 53°C, and 72°C for 30 s each with data acquisition at 
72°C. BCoAT and Universal 16S rRNA primers are referenced in Supplementary Table 4.4. 
Statistical analysis. 
 GM community structures were based on unweighted UniFrac distance metrics generated 
from QIIME, visualized using EMPeror and analyzed by permutation multivariate analysis of 
variance (PERMANOVA) 31, 45. All taxa level GM differences between treatment groups were 
analyzed by independent Student’s t-test (or non-parametric Mann-Whitney U test) and corrected 
by false discovery rate (FDR). Treatment differences in gene expression, SCFA concentrations 
and BCoAT gene abundance were analyzed by independent Student’s t-tests. For Exp2, the 
effects of DSS on body weight loss was analyzed by a 2-way mixed model analysis of variance 
(ANOVA) with time (8 days) and activity group (R-EX-DSS and R-EX-DSS) as independent 
variables. Incidence rates of diarrhea and rectal bleeding were analyzed by Pearson Chi-Square 
on each day after the beginning of DSS administration. Correlations between bacterial taxa, 
SCFA concentrations and host phenotype measures were analyzed by either Pearson r or 
Spearman rank correlations depending on normality. Significance was set a priori at p < 0.05. In 
cases of multiple comparisons, FDR p < 0.05 was deemed significant. 
4.4 RESULTS 
Experiment 1.  Effects of Transplanted ‘Exercised-GM’ on Microbial Colonization.  
Fecal GM communities are altered by exercise training in conventionally-raised donor 
mice and unique differences exist in colonized, gnotobiotic mice after transfer of GM from 
sedentary or exercised donors. 
We first confirmed that exercise could significantly modify the GM, as previously 
reported by our laboratory and others35,10. Principle coordinates analysis (PCoA) revealed that 
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exercise training (i.e. voluntary wheel running) for 6 weeks led to differences in the GM 
community structure in donor mice as determined by Unweighted Unifrac (Figure 4.2A)  and 
Weighted Unifrac (Supplementary Figure 4.1A).   These exercise-induced differences were 
also evident at the genus level of taxonomic analysis (see Fig. 4.2C and Supplementary Table 
4.1). Notably, the GM of the Donor-Exercised [D-EX] mice contained higher relative 
abundances of genera: Anaerostipes spp, Akkermansia spp, Family Lachnospiraceae Genus 
unclassified, Ruminococcus spp and Parabacteroides spp, and a lower abundance of Prevotella 
spp. compared to the donor-sedentary [D-SED] mice (FDR p < 0.05).  
We then tested if the GM changes induced by exercise training could persist in recipient 
gnotobiotic mice after five weeks of gut microbial colonization. In accordance with our 
hypothesis, PCoA of both the unweighted (Fig 4.2B) and weighted Unifrac (Supplmentary 
Figure 4.1B) distance metrics revealed distinct community GM structures clustered by exercise 
status in the recipient mice 35 days after transfer. The clustering by exercise status was even 
more evident in recipient than in donor mice, highlighting a clear overall effect of colonization 
on the GM communities despite relatively high transfer efficiency from donor to recipient mice 
at the genus and OTU level of analysis (Supplementary Table 4.2). Despite this colonization 
effect, many of the genera differences observed between activity groups in the donor mice were 
maintained in the recipient mice (Fig. 4.2C). For instance, Akkermansia spp., Lachnospiraceae 
unclassified, and Ruminococcus spp, remained significantly more abundant while Prevotella 
spp., remained significantly less represented, in recipient-exercise (R-EX) versus recipient-
sedentary (R-SED) mice. Interestingly, some of the exercise-induced genera differences apparent 
in donor mice did not persist in recipient mice (i.e. Anaerostipes spp. and Parabacteroides spp, 
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Supplementary Table 4.1), while numerous other treatment genera differences (not evident in 
donor mice) manifested in recipient mice (see Supplementary Table 4.1).  
 ‘Exercised-GM’ colonization leads to attenuation of inflammatory gene expression, 
inflammatory cell infiltration, and goblet cell mucus depletion in the colons of recipient 
mice after five weeks of colonization. 
To further probe the host response to colonization, we analyzed the expression of 
inflammatory and anti-inflammatory/regenerative cytokines in the distal colon of recipient mice. 
We show that ‘exercised-GM’ colonization led to significantly lower colonic gene expression of 
innate inflammatory mediators, interleukin-1β (IL-1β), indoleamine 2,3 dioxygenase (IDO1), 
and interleukin-23 (IL-23) in R-EX versus R-SED mice (Fig. 4.3A; p < 0.05) but no differences 
in IL-6, tumor necrosis factor (TNF)-, or IL-17a. R-EX also exhibited significantly lower 
transforming growth factor (TGF)- gene expression, but unaltered IL-10, FoxP3 and IL-22 gene 
expression (Fig. 4.3B; p < 0.05).  
Next, a trained, blinded observer quantified distal colon histology (adapted from Erban et 
al., 2014)61 in recipient mice (Fig. 4.4ai & ii). In agreement with the reduction in inflammatory 
transcripts, there was an attenuated inflammatory cell infiltration in R-EX mice compared to R-
SED mice (Fig. 4.4Bi). In addition, we observed reduced goblet cell mucus depletion in the 
colons in R-EX versus R-SED (Fig. 4.4Bii) and an attenuated overall histology score (Fig. 
4.4Biii). No differences were observed between groups for destruction of architecture or crypt 
abscesses (data not shown). No differences were observed in colon length between treatment 
groups (R-SED 74 + 1.4 mm vs. R-EX 73.9 + 0.8 mm, respectively. p = 0.91). 
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 ‘Exercised GM’ colonization leads to higher body mass in recipient mice, while the ratio of 
[Butyrate] to [Acetate] differs between recipient groups and strongly correlates to body 
weight and colonic inflammatory cell infiltrate. 
 We observed that recipient mice colonized with the ‘exercised GM’ were heavier after 5 
weeks of colonization than mice colonized with sedentary GM (R-EX: 24.1 + 0.63 g R-SED: 
22.2 + 0.36 g, Fig. 4.5a). To follow up on possible mechanisms underlying this effect, we 
determined whether microbial-derived SCFAs, which are known contributors to host energy 
harvest130 and inflammation131 differed in concentration between recipient groups. While there 
were no statistical differences in concentration of the three most abundant SCFAs, acetate (C2), 
propionate (C3) and butyrate (C4) (Fig. 4.5b & 4.5c, C3 not shown), the ratio of [C4] to [C2] 
was significantly elevated in R-EX mice compared to R-SED mice (p < 0.01; Fig. 4.5D). The 
[C4]:[C2] was strongly associated to host body weight (Pearson r = 0.74; p < 0.001; Fig. 4.5E), 
and negatively associated with colonic inflammatory cell infiltrate (Pearson r = -0.60; p < 0.01; 
data not shown). To quantify the potential of the GM to produce C4 from C2, we measured the 
relative abundance of the butyryl coa: acetate CoA transferase (BCoAT) gene; a gene specific to 
butyrate producers within the GM and integral in the conversion of acetate to butyrate70. 
Interestingly, and in accordance with higher [C4]: [C2] in the cecal contents, the BCoAT gene 
tended to be higher in the feces of R-EX compared to the R-SED mice (Fig. 4.5F, p = 0.09). 
BCoAT gene abundance may have functional significance in mediating acetate to butyrate 
conversion, as its relative abundance was correlated to cecal content [C4]: [C2] (r = 0.49, p < 
0.05).  
Experiment 2. Effects of Transplanted ‘Exercised-GM’ on DSS Colitis in Mice. 
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‘Exercised-GM’ colonization leads to differences in the fecal microbiome of recipient 
gnotobiotic after an acute, DSS-colitis insult. 
In a second experimental cohort of GF mice, we tested whether ‘exercised-GM’ 
colonization prior to treatment with DSS could reduce the clinical symptomology and the 
inflammatory response to the colitis insult (Recipient-Sedentary-DSS [R-SED-DSS], n=16 
versus Recipient-Exercise-DSS [R-EX-DSS], n=16). We first confirmed that differences in the 
community structure of the GM observed in the donor mice persisted in the recipient mice after a 
colonization period (28 days) followed by a colitis insult which consisted of five days of DSS 
(2%) followed by a three day H2O treatment. Similar to what was observed in Experiment 1, 
there was a clear disparity between treatments in recipient mice after colonization as well as after 
DSS treatment (Fig. 4.6 Unweighted Unifrac and Supplementary Figure 4.1C Weighted 
UniFrac). Expectedly, the GM communities after colonization plus DSS treatment were much 
different than that observed in Experiment 1 with colonization alone, likely due to the large and 
well-documented effect of DSS treatment on the GM132, 133. Genus level differences in the gut 
microbiota of recipient-DSS mouse groups are reported in Supplementary Table 4.3. 
‘Exercised-GM’ colonization leads to altered host response to acute DSS-Colitis. 
Body weights (BW) and clinical symptomology, including diarrhea/rectal bleeding were 
observed throughout DSS-colitis, and colon length was measured after the acute colitis insult. 
Similar to what was observed in Experiment 1, BWs were significantly higher in R-EX-DSS 
group after four weeks of colonization and throughout the eight days of colitis insult 
(Supplementary Fig. 4.2A). In response to DSS, both groups lost significant body weight as 
measured by percent change (% Δ) versus baseline (time main effect, p < 0.001), verifying that 
the DSS was effective in inducing colitis symptomology (Fig. 4.7A). Interestingly, R-EX-DSS 
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mice displayed a trend for attenuated BW loss (% Δ) as compared to R-SED-DSS mice (time x 
activity p = 0.09, Fig. 4.7A), indicating some level of protection from the colitis insult 
irrespective of observed differences in BW. Importantly, such differences in absolute BW and 
BW change were likely not a result of altered DSS or caloric intake, as both groups consumed 
similar amounts of fluid and food throughout the treatment periods (Supplementary Fig. 4.2B 
& C). 
Despite numerical differences, neither the incidence of diarrhea nor the incidence of 
rectal bleeding was significantly different between physical activity groups throughout the colitis 
insult (Fig. 4.7B & C). However, R-EX-DSS mice exhibited longer colons compared to the R-
SED-DSS mice at sacrifice on Day 8 (Fig. 4.7D; p < 0.05), indicating a reduced inflammatory 
burden in response to colitis as a result of the ‘exercised-GM’ transplant.  
‘Exercised-GM’ colonization leads to augmented colonic expression of genes involved in 
tissue regeneration and anti-inflammation after DSS-colitis. 
To further assess the response to DSS in recipient mice, we analyzed the expression of 
genes involved in the inflammatory and anti-inflammatory/regenerative response to colitis. 
Contrary to our hypothesis and in opposition to our result of reduced colon shortening, recipient-
DSS groups exhibited similar expression of the pro-inflammatory cytokines, IL-1β, IL-6, and 
TNF-α in the distal colon after the colitis insult on day 8 (Fig. 4.8A). However, R-EX-DSS mice 
exhibited augmented colonic expression of cytokines and transcription factors known to be 
involved in tissue regenerative responses to colitis, including TGFβ, FoxP3, and IL-22, 
compared to R-SED-DSS mice (Fig. 4.8B, p < 0.05).  
‘Exercised-GM’ transplant leads to differences in colon histology after DSS-colitis. 
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To examine morphological changes in the gut after DSS-colitis, distal colon histology 
was quantified by a trained, blinded investigator based on four criteria, as described above. 
Notably, colons of R-EX-DSS mice exhibited an attenuation in overall colitis histology score 
(Fig. 4.9Biii), driven primarily by an attenuation in goblet cell mucus depletion (p < 0.01; Fig 
4.9Bi), and a trend for significant reduction in inflammatory cell infiltrate, versus R-SED-DSS 
mice (p = 0.10; Fig. 4.9Bii).  
 
4.5 DICUSSION 
In this first study to transplant a complex gut microbiota from exercise-trained mice into 
germ-free mice, observations from two experiments revealed that exercise training-induced 
changes in the GM of wild-type mice can be modeled in recipient, gnotobiotic mice after a gut 
microbiota transplant and colonization.  This is evidenced by distinct inflammatory responses to 
microbial colonization, altered luminal concentrations of microbial-derived metabolites, and 
attenuated responses to an acute colitis insult in recipient mice that received a GM transplant 
from donor mice that were exercise trained versus those that remained sedentary. 
We first verified that exercise training altered the GM in conventionally raised donor 
mice and that those GM modifications could persist in recipient gnotobiotic mice after five 
weeks of microbial colonization. Interestingly, we observed that the differences in GM 
community structure in donor mice expanded to greater degree in recipient mice after 5 weeks of 
colonization. We speculate that such disparity in community GM structure after colonization 
may be shaped by physiologically relevant consortium of bacteria that were both sensitive to 
exercise training in donor mice and were observed to be different by physical activity treatment 
group in recipient, colonized mice. Of these exercise-altered taxa, Akkermansia spp. is a mucus 
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colonizing bacteria shown to reduce colonic inflammation and protect against diet-induced 
metabolic syndrome41. In addition, Lachnospiraceae family contains bacterial species with well-
documented butyrate producing capabilities134. Lastly, species from Ruminococcus spp. appear 
to be involved in early life growth, as cultured strains were able to rescue a blunted growth 
phenotype in GF mice135. 
The mucosal tissue of the gut is comprised of a highly responsive set of cell types and 
structures that can be affected by differential microbial colonization136. Here, we demonstrate 
that colonization with an ‘exercised-GM’ differentially modulates colonic inflammatory gene 
expression as well as morphological indices of colonic inflammation and goblet cell structure in 
recipient mice. In particular, we showed that an ‘exercised-GM’ led to attenuated colon 
expression of IL-1β and IL-23, two cytokines involved in the innate immune response to 
commensal and pathogenic bacteria within the gut116, 137. IL-1β, in particular, is expressed in a 
multitude of innate immune cells and its release is sensitive to cell surface binding of bacterial 
associated components, including lipopolysaccharide (LPS) of gram-negative bacteria, to host 
toll-like receptors (TLRs)138. During GM colonization of GF mice, IL-1β is shown to have a 
temporal response, whereby its expression116 and posttranslational modification through 
inflammasome activation, is mediated by distinct commensal microbial communities139. 
Alongside the observed attenuation in colon inflammatory cytokine expression, R-EX mice also 
exhibited lower colonic expression of IDO1, a highly conserved enzyme that mediates the 
conversion of amino acid tryptophan towards the bioactive metabolite kynurenine. Importantly, 
IDO1 expression is highly regulated by IL-1 β, reflects mucosal inflammation, and is responsive 
to commensal load on the gut epithelial layer140, 141. In this study, we postulate that the reduced 
expression of these pro-inflammatory factors alongside the attenuation of immune cell 
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infiltration observed through histology, indicate a potential reduction in overall bacterial 
adherence to the mucus/epithelial layer within the gut of R-EX mice. Perhaps another indication 
of such a mechanism was the observed attenuation of goblet cell (GC) mucus depletion within 
the colons of R-EX mice. Importantly, GCs can be activated to release mucus by direct bacterial 
adherence or through local action of host inflammatory cytokines, and if chronically challenged 
by either, can ultimately be depleted of internal mucus stores142, 143. In addition, we found that R-
EX mice (when compared to R-SED) also displayed a trend for a reduction in colonic gene 
expression of the antimicrobial peptide, RegIIIγ (p = 0.06, data not shown), which is released 
from Paneth cells in response to bacterial adhesion to the epithelial layer144. Here, we speculate 
that components of the ‘exercised-GM’, particularly those taxa that reside on the mucus layer 
and close to the epithelial layer, may have key roles in modulating goblet and Paneth cell 
responses to colonization. For instance, mucus foragers such as Akkermansia spp. (upregulated 
in R-EX mice), have been documented to mediate mucus layer turnover145 and GC maturation41, 
and thus may have a role in the observed outcomes outlined here.  
To explore possible mediators by which exercise-induced GM changes can modulate host 
responses after GM colonization, we examined GM-derived short chain fatty acids (SCFAs) and 
a gene within the GM responsible for SCFA production. Notably, SCFAs have been shown to be 
upregulated by exercise training38 in the murine gut and can modulate numerous metabolic and 
inflammatory processes within the host, including increasing host energy harvest and reducing 
gut inflammation146, 147. Here, we show that R-EX mice displayed a significantly higher ratio of 
butyrate [C4] to acetate [C2] compared to R-SED mice. This ratio is important, as the production 
of C4 from C2 is catalyzed by the enzyme butyryl coA: acetate CoA transferase (BCoAT), a 
prevalent and obligatory feature of a large portion of butyrate-producing bacteria within the GM. 
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In this study, we observed that the [C4]: [C2] is correlated to the abundance of known butyrate 
producers (i.e. Lachnospiraceae and Ruminococcus spp.), BCoAT abundance, and overall body 
weight in colonized mice. These findings, together with the  trend for higher relative gene 
content of BCoAT in the R-EX mice, provide evidence that exercise training can regulate the 
metabolic potential of the GM which in turn, may contribute to the higher body mass observed in 
recipient mice colonized with an ‘exercised-GM’.  
Integrating these findings together, we surmise that the distinct GM phylotypes affected 
by exercise training in donor mice are partially responsible for the unique phenotypes observed 
in the recipient hosts. To this end, we found that the relative abundance of particular genera more 
highly represented in exercise donor and exercise recipient groups, correlated to gut metabolite 
profiles, inflammatory cell infiltrate, and mouse body weights (see Supplementary Table 4) in 
recipient mice, possibly demonstrating an important role of these GM taxa in shaping the host 
phenotype throughout the colonization process. The exercise-induced changes in GM and host 
phenotype reported here coincide with data reported in previous studies examining the effects of 
exercise on the GM in conventionally-raised mice. For instance, Matsumoto et al. provided 
evidence that voluntary exercise increased the level of cecal butyrate concentrations38 while 
Mika et al. showed that exercise training in juvenile rats increased butyrate-producing bacterial 
genera, which was associated with enhanced early life lean mass gains36. Moreover, others have 
reported exercise-induced changes in the GM were associated reduced inflammation and altered 
responses to inflammatory stimuli, including a high-fat diet 10, 9, 32. At the taxa level, comparison 
of our data to previous studies is difficult as species and strain of animal, vendor origin and 
sequencing technologies differed widely between experiments. Nevertheless, the observation in 
this study that exercise alters overall GM community structure, increases butyrate-producing 
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capabilities and reduces host inflammation, confirms reports by others and should be 
investigated further to understand the mechanisms behind such a response. 
 In a second cohort of colonized mice, we demonstrated that exercise-induced GM 
changes modulated the host response during and after an acute, dextran-sodium-sulfate (DSS)-
induced colitis insult. Despite a trend for significant difference in body weight loss between 
activity groups (measured by % change), there was (as observed in Experiment 1) a large 
difference in overall BW between physical activity groups, both before and throughout the DSS 
treatment, whereby the R-EX mice had higher overall body mass compared to R-SED mice. This 
verifies a similar finding observed in Experiment 1, again indicating a capacity for the 
‘exercised-GM’ to regulate body mass albeit replicated in a separate experiment. In response to 
DSS, recipient mice that received a GM from exercised mice also had longer colons at Day 8 of 
DSS treatment versus their sedentary recipient GM counterparts, indicating reduced 
inflammatory burden in response to the colitis insult. 
The ‘exercised-GM’ colonization also increased colonic expression of anti-inflammatory 
cytokines and transcription factors involved in the regenerative response to acute DSS-colitis. 
Notably, we observed significantly higher expression of TGF-β, FoxP3, and IL-22 in the colons 
of R-EX-DSS eight days after initiation of DSS treatment. TGF-β, in particular, is known to have 
a key role in in mitigating inflammatory insults within the gut. For example, it has been shown 
that an upregulation of TGF-β positive cells were required for protection against the two models 
of T-cell mediated colitis148, 149. TGF-β secretion also directly mediates differentiation and 
responsiveness of subsets of suppressive myeloid and lymphoid cells150. Of these, regulatory T-
cells constitutively express the transcription factor FoxP3, express the anti-inflammatory 
cytokine IL-10, and are required for maintaining epithelial barrier and regenerative response to 
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colitis151. In this study, we postulate that augmented expression of TGF-β and FoxP3 in the 
colons of R-EX-DSS mice indicates an enhanced regulatory and anti-inflammatory response to 
the colitis insult. In accordance with such a hypothesis, IL-22 is a cytokine released primarily 
from innate lymphoid cells (ILCs) and has also recently been shown to mitigate colitis 
symptomology in mice and humans152, 153. In a mouse model, IL-22 gene delivery led to rapid 
amelioration of local intestinal inflammation154, while IL-22 binding protein administration 
(which blocks action of IL-22) led to suppressed goblet cell restitution during the recovery phase 
in mice that received DSS155. Here, we demonstrate that alongside a higher expression of IL-22, 
mice that received the ‘exercised-GM’ had higher abundance of mucus-containing goblet cells at 
day 8 of the colitis insult than mice that received the ‘sedentary-GM’. This is important, as DSS-
colitis is known to cause mucus layer degradation and GC depletion, ultimately leading to 
exposure of the epithelial layer to the GM156. Therefore, enhanced GC mucus repletion observed 
in R-EX-DSS mice may be an important feature in maintaining a barrier between commensal 
microbes and host gut epithelial cells, ultimately limiting bacterial adherence and ameliorating 
the inflammatory insult to DSS. Together, we surmise that the differences in cytokine expression 
profiles and measures of histology between treatment groups indicate an overall enhancement of 
the anti-inflammatory and regenerative response to DSS-colitis as a result of the ‘exercised-GM’ 
colonization. 
 There are some limitations to this study. For instance, we found that in both experiments 
recipient mice had immensely different fecal GM communities after the colonization period 
compared to their donor origins, despite similar ages and identical diets. Such temporal 
sensitivity to colonization is also relevant when investigating host responses, as the mucus layer 
and immune system are in constant flux during this period116. Future studies, therefore, should 
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examine GM and host response at multiple time points throughout colonization and DSS 
challenge to confirm the results presented in this study. 
4.6 CONCLUSIONS 
 Overall, this study provides seminal evidence that exercise training can alter the gut 
microbiota in a fashion that directly alters host response during states of health and disease. Of 
primary significance, GM modifications induced by exercise appear be important for inhibiting 
gut inflammation, altering gut morphology and potentially increasing energy harvest within 
colonized, previously germ-free host. Since host response to colonization in gnotobiotic animals 
mimics early life exposure to microbes, we surmise that early life exercise in conventionally-
raised animals may be a particularly strong modulator of GM-host interactions, as previously 
suggested by others157. Exercise-induced GM changes may also have functional relevance to 
disease states within the gut, as evidenced by an enhanced regenerative response to a colitis 
insult in recipient, gnotobiotic mice that received a GM from exercised donors. In conclusion, 
exercise-induced modifications in the gut microbiota can directly modify gut microbial 
metabolism and host-microbial interactions with potentially beneficial outcomes for the host. 
Future studies aimed at understanding the mechanisms responsible for these effects may 
highlight potential targets to improve health. 
Ethics approval and consent to participate: All experiments were completed in accordance 
with the guidelines of the Institutional Animal Care and Use Committees of the University of 
Illinois and the Mayo Clinic (Rochester, MN). 
Consent for publication: not applicable 
List of abbreviations: 
BCoAT: Butyrl-CoA:Acetate-CoA tranferase; C2-Acetate; C4-Butyrate; DSS-Dextran sodium 
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sulfate; FoxP3- Forkhead box P3; GC- goblet cell; GF- germ-free; GM- gut microbiota; IDO- 
Indolamine 2,3 dioxygenase; IL- Interleukin; PcoA- principle coordinates analysis TGF- 
Transforming growth factor; SCFAs- Short chain fatty acids; TNF- Tumor necrosis factor 
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4.7 FIGURES AND TABLES 
FIGURE 4.1 
 
Figure 4.1. Experimental Design. Graphical representation of the designs of Experiment 1 
(colonization experiment) and Experiment 2 (acute colitis experiment). CMT = cecal microbial 
transplant, DSS = dextran sodium sulfate. 
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FIGURE 4.2
 
Figure 4.2. Effects of Exercise Training on Donor and Recipient Gut Microbiomes 
(Experiment 1 - Colonization). A) Exercise training leads to differences in community 
structures of the fecal microbiome (Unweighted UniFrac) of donor mice after 6 weeks of 
exercise training; red circles = Donor-Sedentary (D-SED), green circles = Donor-
Exercise (D-EX); PERMANOVA P<0.05. B) Community structure of the fecal 
microbiota (Unweighted UniFrac) of recipient, gnotobiotic mice, 5 weeks after 
colonization by donor cecal microbiota; orange circles = Recipient-Sedentary (R-SED), 
teal circles = Recipient-Exercise (R-EX); PERMANOVA p<0.01. C) Abundance (% of 
total bacteria) of bacterial genera that were differentially represented by exercise group in 
donor mice and that remained differentially abundant (*) in recipient mice after transplant 
+ colonization * FDR P < 0.05, # FDR P <0.10 
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FIGURE 4.3 
 
Figure 4.3. Distal Colon Gene Expression (Experiment 1 - Colonization). A) Pro-
inflammatory and B) anti-inflammatory cytokines after 5 weeks of GM colonization 
(n=15-16/group). *denotes significant difference, ns = not significantly different at α = 
0.05. 
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FIGURE 4.4 
 
Figure 4.4. Distal Colon Histology (Experiment 1-Colonization). A) Representative 
hemotoxylin and eosin (H&E) stains of distal colons from i) R-SED (10x and 20x) and ii) 
R-EX (10x and 20x) after 5 weeks of colonization. Arrows indicate representative areas 
of inflammatory cell infiltrate (i) and mucus filled goblet cells (ii). B) Blinded 
histological scoring of distal colons from recipient mice after 5 weeks of colonization: i) 
inflammatory cell infiltration (score 0-4), ii) goblet cell (GC) mucus depletion (score 0-4) 
and, iii) overall histology score (0-16); includes aggregate scores of inflammatory cell 
infiltration (0-4), GC mucus depletion (0-4), destruction of architecture (0-4; not 
significant, data not shown) and crypt abscesses (0-4; not significant, data not shown). 
*denotes significant difference at p < 0.05. 
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FIGURE 4.5 
 
Figure 4.5. Body Weight and Bacterial Metabolites (Experiment 1-Colonization). A) 
Body weight after 5 weeks of colonization in recipient mice. B-D) Short chain fatty acid 
concentrations in mole per gram of cecal content dry matter. E) Ratio of [Butyrate]: 
[Acetate] strongly correlates to body weight and F) relative gene abundance (per 16S 
rRNA) of the butyrate producing enzyme butyryl CoA: acetate CoA transferase (BCoAT) 
in the feces of recipient mice. * p < 0.05 
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FIGURE 4.6 
 
 
Figure 4.6. DSS Alters the Community Structure of the Gut Microbiome in 
Recipient Mice (Experiment 2 - DSS Colitis). Transfer of cecal contents from treated 
donor groups leads to differences in community structure of the fecal microbiota 
(Unweighted UniFrac) in recipient, gnotobiotic mice after 4 weeks of colonization + 5 
days of DSS (2%) + 3-day H2O treatment; dark blue circles = Recipient-Exercise-DSS, 
pink circles = Recipient-Sedentary-DSS. (PERMANOVA, p < 0.01).  
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FIGURE 4.7 
 
 
 
Figure 4.7. DSS-induced Clinical Symptoms in Recipient Mice (Experiment 2 - DSS 
Colitis). A) Percent body weight change, B) percent diarrhea incidence, and C) percent 
rectal bleeding incidence of recipient mice during eight days of acute colitis insult. D) 
Colon lengths of recipient mice after sacrifice at day 8 of colitis insult. *denotes 
significant difference at p < 0.05.  
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FIGURE 4.8 
 
Figure 4.8. Distal Colon Gene Expression in DSS-treated Recipient Mice 
(Experiment 2 - DSS Colitis)  Colonic gene expression of A) pro-inflammatory and B) 
anti-inflammatory cytokines in recipient mice that received 5 days of DSS (2%) followed 
by 3 days of H2O after a 4 week colonization period. *denotes significant difference at p 
< 0.05, # denotes trend for significance at p < 0.10.  
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FIGURE 4.9 
 
Figure 4.9. Distal Colon Histology in DSS-treated Recipient Mice (Experiment 2  -
DSS Colitis)  A) Representative H&E stains of distal colons from i) R-SED-DSS (10x) 
and (20x) and ii) R-EX-DSS (10x) and (20x) after 4 weeks of colonization + 5 days of 
DSS (2%) + 3 days H2O. Arrows indicate representative areas of noted inflammatory cell 
infiltrate (i) and mucus filled goblet cells (ii). B) Blinded histological scoring of distal 
colons: i) inflammatory cell infiltration (score 0-4), ii) goblet cell (GC) mucus depletion 
(score 0-4), and iii) overall histology score (0-16); includes aggregate scores of 
inflammatory cell infiltration (0-4), GC mucus depletion (0-4), destruction of architecture 
(0-4; not significant, data not shown) and crypt abscesses (0-4; not significant, data not 
shown). *denotes significant difference at p < 0.05.  
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TABLE 4.1 
 
Table 4.1.  Abundance (% of total sequences) of bacterial genera significantly affected by 
exercise training in donor mice (D-SED vs. D-EX) after six weeks of exercise training or 
recipient mice (R-SED vs R-EX) after 35 days of GM colonization.* FDR p < 0.05, # 
FDR p < 0.1; ns = not significant at FDR p < 0.05.  
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TABLE 4.2 
 
Table 4.2 Analysis of transfer efficiency of donor fecal communities to recipient mice 
surveyed five weeks after transplantation reveal that between (~85-90%) of bacterial 
OTUs  and (~90-97%) of bacterial genera present in the donor communities were 
represented in the fecal microbiota of gnotobiotic mouse recipients  
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TABLE 4.3 
 
Table 4.3. Abundance (% of total sequences) of bacterial genera significantly different by 
activity level group in donor mice (D-SED vs D-EX) after six weeks of exercise training or 
recipient-DSS mice (R-SED-DSS vs R-EX-DSS) after 28 days of GM colonization followed by 
5 days of (2%) DSS + 3 days of H2O.* FDR p < 0.05, #FDR p <0.1; ns = not significant at FDR 
p < 0.05.  
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TABLE 4.4 
 
 
Table 4.4. Primers used for a) colon gene expression and b) microbial gene abundance with 
qPCR. 
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FIGURE 4.10 
 
Figure 4.10. A) Absolute body weights, B) food and C) fluid intake of recipient-DSS groups 
before (Day 0) and throughout the colitis insult (Day 1- 8).  
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CHAPTER 5 
EXERCISE TRAINING-INDUCED SHIFTS IN THE GUT MICROBIOME AND 
MICROBIAL-DERIVED METABOLITES ASSOCIATE WITH CHANGES IN BODY 
COMPOSITION IN PREVIOUSLY SEDENTARY (LEAN AND OBESE) ADULT 
HUMANS 
 
5.1 INTRODUCTION  
The gut microbiota (GM) consists of a diverse consortium of trillions of microbes that 
modulate numerous biological processes of its human host. A growing body of evidence also 
indicates that environmental stimuli and behavioral practices throughout the lifespan can 
modulate the composition and functionality of the GM. For instance, diet75, obesity status158, 
antibiotic usage, and mode of birth delivery8 (among others) have been shown to significantly 
contribute to the metabolic and immune-regulating capacity of the GM throughout the lifespan.  
The effects of cardiovascular exercise training on the human gut microbiota, however, has 
remained largely unexplored.  
 Despite the lack of research in humans, data reported from our laboratory and others 
indicate that exercise training can significantly modulate the gut microbiota in animal models9, 10, 
35. Moreover, changes in the GM induced by exercise training have been correlated with changes 
in host physiology, including alterations in metabolism32, immunity10, and behavior9. Research 
has also indicated that exercise training may lead to increases in microbial derived short chain 
fatty acids  (SCFAs) within the gut38. SCFAs are two (2)- six (6) length carbon fatty acids which 
can serve as a significant energy source for a variety of tissue and have numerous biological 
functions within the host159. For instance, SCFAs have been shown to reduced inflammation160, 
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improve insulin sensitivity161, and alter central nervous system morphology58, 162. With respect to 
exercise training, our laboratory recently showed that exercise-training induced modulations in 
the GM and SCFAs can result in reduced gut inflammation, altered gut morphology, and perhaps 
increased energy harvest within colonized, previously germ-free hosts (Allen et al, 2017 
Microbiome, in Review).  
To date, only two cross-sectional studies have investigated whether physical activity is 
related to gut microbiota in humans. Interestingly, both reports have indicated that physical 
activity status is a strong predictor of gut microbial composition. For instance, Estaki et al. 
provided evidence that cardiorespiratory fitness (as measured by VO2peak) was associated with 
increased bacterial diversity and bacteria taxa capable of butyrate production163. Meanwhile, 
Clarke et al. showed that active rugby players (compared to sedentary counterparts) had 
increased abundance of the mucin degrader Akkermansia muciniphilia, a bacterial species 
associated with improved insulin sensitivity and reduced fat deposition in animals and humans37. 
Despite these intriguing associations, however, these studies are limited by their cross-sectional 
design, whereby they fail to control for external factors such as diet and previous antibiotic use. 
This is important as even transient changes in diet or use of antibiotics can modulate the gut 
microbiota and its metabolic output. Moreover, unique individual phylotypes of the human GM 
make cross-sectional comparisons of microbial composition inherently difficult. Therefore, to 
more thoroughly examine the relationship between exercise and the microbiome in humans, it is 
vital to observe changes in the gut microbiome in a longitudinal fashion while simultaneously 
controlling for external factors that are known to modulate the GM. 
The effects of exercise on the gut microbiota in humans has also not been investigated in 
the context of obesity. This is important as the growing epidemic of obesity and its associated 
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complications of cardiovascular disease, hyperlipidemia, non-alcoholic fatty liver disease, and 
Type 2 diabetes mellitus present an increasing burden on the healthcare system. Encouragingly, 
exercise training can contribute to improvements in obesity and its associated co-morbidities. For 
example, exercise training can lead to enhanced insulin sensitivity164, 165, reductions in systemic 
inflammation166, and improvements in cardiorespiratory fitness165, 167 in obese individuals. Such 
improvements have been primarily associated with increases in lean mass and reduced adiposity 
that come about from increased energy expenditure. Unfortunately, the effectiveness of exercise 
interventions in combating weight gain and obesity associated co-morbidities is not equal for all 
individuals168. Moreover, an understanding of why obese individuals sometimes respond 
differently to exercise interventions compared to their lean counterparts is lacking. Therefore, a 
more comprehensive exploration of the physiological systems that are both affected by obesity 
and responsive to exercise training is needed.  
Interestingly, obesity status in humans is strongly associated with the composition of the 
gut microbiota. An obesity-associated gut microbiome, for instance, can significantly contribute 
to host weight gain through enhanced energy harvest146 and drive inflammation through loss of 
barrier integrity169, among others. However, little is known about how exercise training 
interventions may modulate the gut microbiota and microbial metabolites during obesity, and 
further, how such changes relate to human physiology. 
This study investigates, for the first time, whether endurance-based exercise training for 
six weeks can initiate a shift in gut microbial communities and microbial-derived metabolites in 
previously sedentary, lean and obese adults. We hypothesized that exercise training would lead 
to orthogonal shifts in gut microbial communities based on body mass index status. In parallel, 
we predicted that exercise training would lead to increased concentrations of fecal short chain 
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fatty acids (SCFAs). Lastly, we postulated that changes in the gut microbiota and gut microbial 
metabolites would correlate with exercise-induced body composition and cardiorespiratory 
improvements. 
5.2 METHODOLOGY 
Participants  
A total of 32 adult (ages 20-45) previously sedentary females (n=20) and males (n=12) 
were recruited for this study. Subjects were also recruited based on a lean or obese body mass 
index (BMI); lean (BMI<25 kg/m2; n=18; 9 female, 9 male) and /obese (BMI>30 kg/m2; n=14; 
11 female, 3 male).  Baseline participant characteristics are shown in Table 1. University of 
Illinois graduate students and staff, and the adult population in the Urbana-Champaign 
community were recruited for this study. Recruitment procedures, dropout rates and total number 
of subjects that entered the study are referenced in Appendix Section A. 
Inclusion and Exclusion Criteria 
Inclusion and exclusion eligibility was ascertained from laboratory screening forms, 
Godin leisure time questionnaires, and medical history questionnaires. Subjects in this study 
were 20 - 45 years of age, had a BMI <25 (LEAN) or a BMI >30 (OBESE) and were sedentary 
(< 45 minutes of moderate or high intensity exercise per week).  Subjects were free of metabolic 
and gastrointestinal disease (i.e chronic constipation, Crohn’s disease, ulcerative colitis, irritable 
bowel syndrome, diverticulosis, stomach or duodenal ulcer, diabetes, hepatitis, HIV, cancer, etc.) 
Subjects were not pregnant or lactating, and not taking medications that would impact bowel 
function, including laxatives, enemas, anti-diarrheal agents, narcotics, antacids, antispasmodics, 
antidepressants, diuretics, anticonvulsants, antibiotics, herbals, and homeopathy.  
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Study Design  
 The study was conducted as a longitudinal, within-subjects design lasting a total of 14 
weeks. After two (2) weeks of pre-intervention testing, all subjects completed a six-week 
endurance-based exercise intervention for 30-60 minutes per day, three (3) times per week, in 
which intensity and duration of the exercise training progressed throughout the total training 
period. This exercise training period was followed by a six-week voluntary ‘wash out’ period, 
whereby participants were asked to refrain from exercising. Fecal and blood samples were 
collected throughout the study, with acute dietary controls in place prior to each fecal and blood 
collection. The study design is outlined in Figure 1. 
Screening and Diet Diaries 
Prior to the beginning of the exercise intervention, subjects came to the laboratory for 
four visits. On the first visit (twelve days prior to beginning of the exercise session), participants 
underwent a screening and a medical history questionnaire to ensure no contraindications relative 
to exclusion criteria. During this visit, body weight and height were taken to ensure participants 
met BMI criteria. Godin-Shepard Leisure Time Physical Activity Questionnaires were also 
administered to ensure participants were sedentary over a period of at least three months. An 
eighteen (18) unit score or less was deemed as ‘sedentary activity’, which corresponds to roughly 
30 minutes of moderate-intensity exercise per week. Thereafter, a registered dietician assigned 
and instructed participants to fill out a 7-day dietary diary over the next week. The diet diary 
consisted of detailed descriptions of the composition and amount of food and beverage intake 
that occurred over 7 days. 
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Three-Day Food Menu 
The next visit (5 days prior to exercise intervention) participants underwent a review of 
their previous 7-day diet diary with a registered dietician. Thereafter, participants were assigned 
a three-day food menu based on foods and drink consumed over the previous week. This ‘menu’ 
was utilized to maintain acute dietary control within each collection time point throughout the 
study and thus was directly in line with normal dietary consumption patterns of the participants. 
Participants were asked to follow the same menu three days prior to each fecal collection and 
asked not to change their regular diets throughout the study. Three-day menus were analyzed for 
macronutrient and micronutrient composition, as well as for food groups and individual food 
item consumption using Nutrition Data System for Research (NDSR 2014 version, University of 
Minnesota, Minneapolis, MN).  
  
Exercise training protocol  
 The exercise intervention consisted of three supervised, 30 to 60 minute, moderate-to-
high intensity (60-75% of heart rate reserve [HRR]) endurance-based exercise sessions per week. 
Subjects could choose from a cycle ergometer or a treadmill for any exercise session if the target 
HR was maintained. Percent of HRR was calculated as: 
Percent of Heart Rate Reserve (HRR%): % of target intensity (HRmax-HRrest) + HRrest 
The exercise training proceeded in a progressive fashion over the six weeks of training. For the 
first week of training, sessions lasted 30 minutes at a moderate intensity (60% HRR). Training 
sessions for week two (2) lasted 45 minutes at a similar intensity. Training sessions for week 
three (3) were then increased 60 minutes, but kept at the same moderate intensity (60% HRR). 
Over the last three (3) weeks of training, there was an increase in intensity of 5% of HRR per 
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week, progressing up to 75% of HRR for 60 minutes per session during week 6. All exercise 
sessions were supervised by a trained exercise physiologist whereby heart rate and rate of 
perceived exertion (RPE) were observed and recorded every five minutes throughout each 
exercise session to ensure intensity of exercise was maintained.  
Exercise ‘Washout’ 
Following post-exercise assessments, subjects were asked by researchers to refrain from 
exercise for the next six weeks. After those six weeks, subjects then returned to the laboratory for 
a battery of post-washout assessments. To assess washout efficacy and adherence, Godin-
Shepard Leisure Time Physical Activity Questionnaires (Appendix B) were again administered 
to assess overall activity level during the washout period. If the score from the Godin-Leisure 
score was below 18 units, subjects were deemed to have returned to sedentary activity and 
included in the washout analysis. **A total of seven subjects (n=4 lean and n=3 obese) were 
deemed to remain active during the washout and thus were left out of the washout analysis.  
Blood Draws 
Blood samples were collected before exercise at baseline (B0), after the six weeks of the 
exercise intervention (P0), and after six weeks of the washout period (W6). Blood was drawn 
from the antecubital vein by a trained phlebotomist after a 10 hour fast and at least 36 hours after 
the last exercise session. Serum and plasma samples were processed and stored at -80C for 
future analysis.  
Fecal Collections 
Fecal samples were collected before exercise at baseline (E0), three weeks into the 
exercise intervention (E3) after the six weeks of the exercise intervention (E6) and after six 
weeks of the washout period (W6). All collections were preceded by the three-day food menu 
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outlined above. Fecal collection procedures were detailed in a document provided to the 
participants. Briefly, subjects were given a plastic container and a holder that fits over a toilet 
seat. Once sample collection was completed, the subjects were asked to store the sample 
immediately on ice packs in a cooler provided. The subjects were asked to bring samples into the 
laboratory within 15 - 30 minutes of securing the sample in the cooler to ensure minimal 
degradation of volatile fatty acids. Once received, a small portion of the sample (~0.5 grams) 
was aliquoted for short chain fatty acid analysis (see below), and the rest was stored at -80C 
until future analysis. 
Body Composition Assessments  
Body composition was assessed using Dual Energy X-ray Absorptiometry (DEXA) prior 
to exercise training (E0), after exercise training was completed (E6), and after the six weeks of 
exercise ‘washout’ (W6). 
Maximal Oxygen Consumption (VO2max) 
Prior to (E0) and after the exercise intervention (E6), participants underwent a maximal 
oxygen uptake (VO2 max) test to assess cardiorespiratory fitness (Parvo Medics True Max 2400, 
Sandy, UT).  This test involved running to a maximal exertion on a treadmill using a Bruce 
testing protocol. Below is an outline of the protocol with each stage lasting 2 min: 
Stage 1 = 1.7 mph at 10% Grade 
Stage 2 = 2.5 mph at 12% Grade 
Stage 3 = 3.4 mph at 14% Grade 
Stage 4 = 4.2 mph at 16% Grade 
Stage 5 = 5.0 mph at 18% Grade 
Stage 6 = 5.5 mph at 20% Grade 
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Stage 7 = 6.0 mph at 22% Grade 
Stage 8 = 6.5 mph at 24% Grade 
   Heart rate (HR) was taken during each work stage via a wireless Polar Monitor (Polar 
Electro, Lake Success, NY). The test ended when the subject was unable to continue, despite 
verbal encouragement from the researchers. VO2max was verified if two or more of the following 
four criteria were met: (1) Rate of Perceived Exertion > 18, (2) HR within 10 beats per minute 
(bpm) of age-predicted max HR, (3) A plateau in HR (< 3 bpm change) over the last two 
intensity stages, and/or (4) Respiratory Exchange Ratio (RER) of > 1.10. 
Bacterial DNA isolation and 16S rRNA sequencing 
Fecal bacterial DNA was extracted using the PowerLyzer PowerSoil DNA Isolation Kit 
(MOBIO Laboratories, Inc.). After extraction and DNA quality assurance through gel 
electrophoresis, library construction was completed using a Fluidigm Access Array system in the 
Functional Genomics Unit of the Roy J. Carver Biotechnology Center at the University of 
Illinois at Urbana. After library construction, 300 bp of the V4 region of the 16S rRNA gene 
were amplified according to Caporaso et al.90 and sequenced at the WM Keck Center for 
Biotechnology at the University of Illinois using an Illumina MiSeq2000 with the use of V3 
reagents (Illumina Inc.). High-quality (> 25) sequence data (FASTQ) were analyzed with QIIME 
1.8.054. For quality control, sequences were depleted of barcodes and primers, and short 
sequences (< 237 bp), sequences with ambiguous base calls, and sequences with homopolymer 
runs exceeding 6 bp were removed. After removal of singletons, OTUs were classified using 
closed reference picking with the Ribosomal Database Project (RDP) at 97% similarity.  
Weighted and unweighted UniFrac distances were computed at an even sampling depth of 
14,201 sequences per sample, a value chosen based off of alpha-diversity rarefaction curves 
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(data not shown). 
Short chain fatty acid analysis 
SCFAs were analyzed as described previously by Panasevich et al (2015)129. Briefly, 
feces brought to the laboratory within 30 minutes of the fecal collection were weighed and 
acidified in 6.25% meta-phosphoric acid solution and stored at −20°C until analysis. Fecal SCFA 
concentrations were determined by gas chromatography by using a gas chromatograph (Hewlett-
Packard 5890A Series II) and a glass column (180 cm × 4 mm i.d.), packed with 10% SP-
1200/1% H3PO4 on 80/100 + mesh Chromosorb WAW (Supelco, Inc.). Nitrogen was the carrier 
gas with a flow rate of 75 mL/min. Oven, detector, and injector temperatures were 125°C, 
175°C, and 180°C, respectively. Acetic, n-butyric, and propionic acid solutions (Sigma-Aldrich) 
were used as standards. 
Butyryl CoA:Acetate CoA transferase (BcoAT) gene quantification 
Isolated bacterial DNA (as described above) was assessed for the relative abundance of 
butyryl CoA: acetate CoA transferase gene content by qPCR as described by Louis and Flint 
(2007)70. Briefly, real-time PCR experiments were performed with SYBR Green Master Mix 
(Applied Biosystems) as a probe in a total volume of 20 L. BCoAT gene quantification was 
analyzed in parallel with 16S rRNA (total bacteria). The amplification cycle used was 1 cycle of 
95°C for 3 min; 40 cycles of 95°C, 53°C, and 72°C for 30 s each, with data acquisition at 72°C. 
Statistical Analysis:  
Gut Microbiome Diversity and Taxonomy Evaluation 
For each individual microbial community, the alpha diversity metric Chao1 and beta 
diversity metric (Weighted UniFrac) were calculated using QIIME at an even sample depth of 
14,038 sequences per sample. Change in alpha diversity as a result of exercise was analyzed by 
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two separate, repeated measures 2 x 2 mixed model ANOVA (see below) with Exercise [Time] 
and BMI as independent variables. Baseline differences in GM community structure (beta-
diversity) between lean and obese subjects were analyzed using weighted UniFrac distance 
metrics generated from QIIME, visualized using EMPeror, and analyzed by permutational 
multivariate analysis of variance (PERMANOVA) to compare GM composition between BMI 
categories. Genera level taxonomy assignment was generated using RDP database through 
QIIME and was used as the primary outcome variable in subsequent factor analysis analyzing 
changes in gut micrbiome. Pre-exercise (E0) to post-exercise (E6) changes in SCFA 
concentrations, SCFA producing genes, body composition, and VO2max were also analyzed using 
a 2 x 2 mixed model analysis of variance (ANOVA) with BMI (Lean, Obese) and Exercise 
[Time] (E0 - E6) as independent factors. Post exercise (E6) to Washout (W6) changes in SCFA 
concentrations, relative SCFA producing genes, body composition, and VO2max were also 
completed using a 2 x 2 mixed model ANOVA with BMI and Washout [Time] (E6-W6) as 
independent variables.  
Principle Components Factor Analysis 
Principle coordinates factor reduction was utilized to analyze shared community changes 
in the GM as a result of exercise training and washout from exercise training. Factor components 
that had an Eigen value score greater than 5 and were nonlinear with the all other explanatory 
factors, were utilized. To further avoid collinearity and non-interpretable factor components, 
only taxa that had communalities > 0.4 and were inversely related among reduced component 
factors were utilized in factor component models. First, a component factor reduction was 
implemented using the change scores of bacterial genera from pre-post exercise (E0-E6) using 
all subjects (irrespective of BMI) which revealed two independent factors explaining the change 
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in bacterial genera as a result of exercise training (EXERCISEfactor1: explaining 12.95% of 
variance and EXERCISEfactor2:  explaining 11.12) The resulting primary factor score 
(EXERCISEFactor1) was then compared between BMI categories through independent t-test to test 
if exercise-induced GM community shifts differed between BMI groups. Next, to understand 
whether GM communities shifted as a result of returning to sedentary activity, principle 
components factor reduction using change scores of bacterial genera from post exercise (E6) to 
six weeks after washout (W6), was implemented as described above.  The resulting primary 
factor score (WASHfactor1) was then compared between BMI categories through independent t-
test to test if exercise-induced GM community shifts differed between BMI groups. 
Next, to understand if exercise induced physiological relevant changes in GM 
composition, factor analysis was completed only on bacterial genera that changed in parallel with 
independent outcomes within each BMI category. First, within the lean group, we aimed to 
understand if in ‘functional bacterial clades’ consisting of bacterial genera that changed in 
correspondence with exercise-induced change in SCFAs, would be altered by exercise training 
and further, would those genera changes relate to parallel modulations in outcome measures (e.g. 
body composition and VO2max). Through Spearman Rho correlations, we observed that there was 
a significant relationship between changes in butyrate and/or BCoAT with changes in seven 
bacterial genera (Figure 5.5 A). The change scores of these select genera were then subject to 
factor reduction as described above. The subsequent factor equation explaining the most variance 
in the change of these genera from E0 to E6 (61.16%; Figure 5.5A) was then applied (in an 
unbiased manner) to the change scores from those same genera from E6 to W6 (Washout). The 
subsequent factor equations from exercise and washout periods (EXERCISELN_factor1 versus 
WASHLN_factor1) were then compared using a Pearson correlation to observe if changes in these 
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select bacterial clades were dependent on physical activity status. In the obese group, which was 
observed to have smaller changes in SCFA and BCoAT levels, the GM was probed for bacterial 
genera shifts that related to other outcome variables. Spearman Rho correlation analysis revealed 
that exercise-induced changes in 10 bacterial genera strongly associated with changes in relative 
VO2max. Therefore, those select taxa (Figure 5.7A) were then subject to similar factor analysis 
reduction and compared to washout periods as describe above. For all factor reduction models 
used, bacterial taxa inclusion was based on a communality of greater than > 0.4. Moreover, 
resulting factor components were deemed usable in subsequent regression models if Eigen factor 
values were above 5.0 and avoided collinearity with other factors within each respective model. 
Step-wise linear regression and correlation analysis 
Step-wise regression analysis, as well as Pearson and non-parametric Spearman 
correlation analysis were used to explore whether exercise-induced changes in SCFAs or SCFA 
production genes (mmDA or BCoAT) explained parallel changes in body composition and/or 
cardiorespiratory fitness (VO2max).  Individual changes in bacterial taxa were correlated to 
outcome variables using non-parametric Spearman analysis due to the non-normal distribution of 
bacterial taxa. Additionally, factor components explaining changes in the gut microbiome 
communities (described above) were compared to gut microbiome composition and outcome 
variables (e.g changes in SCFAs, body composition, VO2max) using Pearson r correlational 
analysis. All regression analyses used age and sex as co-variates.  
5.4 RESULTS 
Six weeks of exercise training leads to improvements in body composition and 
cardiorespiratory fitness, which are largely reversed after returning to sedentary activity 
Exercise training was sufficient to increase total lean body mass (exercise main effect p < 
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0.01, Fig. 5.1A), decrease body fat percentage (exercise main effect p < 0.01, Fig 5.2B) and 
increase bone mineral density (exercise main effect p< 0.05, Fig 5.2C) in both lean and obese 
subjects. As expected, exercise lead to a marked improvement in cardiorespiratory fitness as 
measured by relative VO2max in both lean and obese groups (exercise main effect p<0.05, Fig 
5.2D). After a return to sedentary activity for six weeks (W6), lean mass and body fat changes 
that occurred after the training period were reversed towards baseline values in both lean and 
obese participants (washout main effect p<0.05; Figure 5.2A-B). Bone mineral density gains 
induced by exercise training, however, were largely maintained during the washout period. 
Baseline GM composition is different between lean and obese groups but not after six 
weeks of cardiovascular exercise training 
 Beta diversity weighted UniFrac analysis revealed that GM composition was different 
between lean and obese individuals at the baseline time point prior to exercise training (E0, 
PERMANOVA p = 0.034; Fig. 5.3A). However, after both groups underwent six weeks of 
exercise training, the differences between lean and obese fecal microbiome communities were 
negligible (E6, PERMANOVA p = 0.31; Fig. 5.3B). Six weeks after a return to sedentary 
activity, no differences were observed between lean and obese GM composition as measured by 
Weighted UniFrac (W6, PERMANOVA p=0.27; Fig 5.3C). Next, we wanted to understand if 
exercise-induced GM community shifts differed among BMI groups. To investigate this, 
principle components factor reduction using change scores of all bacterial genera was 
implemented. In doing so, we found that two factor variables explained 34.3% of the total 
variance in GM genera changes as result of exercise when applied across both BMI categories 
(EXERCISEFactor1: 20.5% and EXERCISEFactor 2: 13.8%). The primary explanatory factor from 
this analysis was then compared between BMI groups by independent t-test, revealing that 
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exercise-induced GM community shifts were significantly different among BMI groups (Figure 
5.3D). This same factor analysis was completed for the changes that occurred during the washout 
period. Here, it was observed that the explanatory factor (WASHfactor3) which explained 14.5% of 
variance in GM genera changes that during the washout period, also differed significantly 
between lean and obese groups (p <0.05; Figure 5.3E). 
 
Six weeks of exercise training leads to significant increases in fecal SCFA concentrations 
and GM SCFA producing capacity in lean, but not obese, individuals 
 As 16S analysis does little to shed light on metabolites responsible for GM-host 
communication, we investigated the effects of exercise training on the concentrations of fecal 
SCFAs in parallel with genes within the gut microbiota integral to SCFA production. We 
observed that six weeks of aerobic exercise led to a significant increase in fecal dry matter 
concentrations of the three most abundant SCFA’s (acetate [C2], propionate [C3] and butyrate 
[C4]) in the lean, but not obese, group (Exercise x BMI p < 0.05; Fig. 5.4A i-iii). These changes 
were also observed concomitant to an exercise-induced increase in the relative abundance 
(versus total 16S rRNA gene content) of the butyrate-regulating gene butyryl coA:acetate CoA 
transferase (BCoAT) and the propionate-regulating gene methylmalonyl CoA decarboxylase 
(mmDA) (exercise main effect p < 0.05, respectively; Fig. 5.4B i-ii). After the washout period, 
fecal acetate concentrations remained elevated (Washout main effect p > 0.05), while propionate 
and butyrate declined towards baseline levels (E6-W6 Washout main effect p < 0.05). In the 
obese group, concentrations of all three SCFAs did not change from post exercise (E6) to 
washout (W6) (Washout main effect p > 0.05; Fig 5.4 A i-iii). However, the washout period was 
accompanied by a reduction in SCFA producing capacity of the GM, as depicted by post-
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exercise (E6) to washout (W6) reduction in relative abundance of BCoAT and mmDA, 
irrespective of BMI (Washout main effect p < 0.05; Fig. 5.4 B i-ii)  
 It was also observed that prior to the exercise intervention obese individuals had higher 
relative concentrations of BCoAT compared to their lean counterparts (Obesity main effect p < 
0.01; Fig. 4b). The differences in baseline BCoAT levels, however, were not corroborated by 
differences in fecal SCFA concentrations between BMI categories at the baseline time-point 
(Fig. 5.4a i-iii).  
Exercise-induced shift in ‘butyrate-producing bacterial clade’ strongly associated with body 
composition changes as a result of exercise training in lean individuals. 
Next, we investigated if exercise-induced changes in select groups of interrelated bacteria 
genera, termed here: ‘functional bacterial clades’, would associate with exercise-induced body 
composition and VO2max changes. In relation to the observed changes in fecal butyrate 
concentrations and butyrate producing capacity of the GM as a result of exercise training in lean 
individuals, we first investigated whether there existed a ‘butyrate-regulating bacterial clade’ 
that was affected by exercise training in lean participants. To accomplish this, we utilized 
principle coordinates factor reduction of select bacterial taxa that changed concurrently with 
butyrate and/or BCoAT within the lean group. Here, we observed that the change from pre (E0) 
to post (E6) exercise of five bacterial genera, Roseburia spp., Lachnospira spp., Clostridiales 
spp., Faecalibacterium spp., and Lachnospiraceae unclass. positively correlated with changes in 
butyrate and/or BCoAT, while changes in Bacteroides spp. and Rikenellaceae spp. negatively 
correlated with changes in butyrate and/or BCoAT (p < 0.05 for both analyses; Figure 5.5 A). 
The relative changes in these selected taxa were then modeled into one factor, which explained 
61.9% of the total variance in how these genera changed as a result of exercise training 
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(EXERCISELN_Factor1; Figure 5.5 A). Next, we correlated this resulting factor against changes in 
body composition and cardiorespiratory fitness as a result of exercise training. We found that 
exercise-induced changes in this select ‘butyrate-regulating bacterial clade’ was not only 
strongly correlated to changes in SCFA concentrations and BCoAT levels, but was also 
significantly related to changes in body composition (Figure 5.5 C). Moreover, the five bacteria 
genera that were positively correlated to butyrate production were modeled into one factor 
termed ‘C4 Producers’. These bacterial genera (Clostridiales spp, Lachnospira spp, Roseburia 
spp. f_Lachnospiracae unclass and Faecalibacterium spp.), which together consisted of over 
30% of the total representative genera, increased in abundance with exercise training (E0-E6; p < 
0.05), which decreased after a return to sedentary activity in the washout period (E6-W6; p<0.05; 
Figure 5.5 B). 
Exercise-induced shifts in fecal butyrate concentrations, butyrate producing capacity and 
bacterial genera associated with butyrate production are strongly associated with parallel 
increases in lean mass within the lean BMI group. 
 As a result of observed changes in butyrate, butyrate regulating genes and taxa associated with 
butyrate production, we investigated whether exercise-induce changes in these measures would 
associate with parallel changes body composition or cardiorespiratory fitness. Linear regression 
analysis revealed that the exercise-induced changes in fecal butyrate concentrations, BCoAT 
levels, and butyrate producing bacteria were all strongly associated with increases in lean mass 
within the lean (but not obese) subjects, independent of baseline age or sex ( P < 0.05; Fig. 5.6 
A-C).  
Exercise training-induced modulation of a select bacterial clade associated with VO2max in 
obese individuals 
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  Since baseline GM characteristics and SCFA responses to exercise were different in 
obese individuals compared to their lean counterparts, we investigated whether exercise initated 
functional changes in GM communities within the obese group only. Interestingly, we found that 
exercise-induced changes in 10 out of 56 bacterial genera were correlated with parallel changes 
in VO2max (p < 0.05; Figure 5.7A). To understand if these changes in select taxa were related to 
each other, and thus exhibited an overall shift in GM community, we again utilized principle 
components factor reduction as described above. Remarkably, the resulting single factor 
component (EXERCISEOB_Factor1) explained 74.5% of the variance in how these 10 taxa were 
modulated by exercise training, verifying an existence of a highly interrelated bacterial clade 
(Figure 5.7A). Correlation analysis revealed that this single factor strongly associated with 
exercise-induced changes in VO2max, verifying that exercise-induced changes in the genera were 
strongly associated with improvements in cardiorespiratory fitness (r = 0.830, p < 0.001; Figure 
5.7B).  
A return to sedentary activity for six weeks lead to a reversion of GM characteristics and 
SCFA-producing genes and associated with reversions in body composition 
We investigated whether a return to sedentary activity for six weeks would reverse, to any 
degree, the gut microbial changes observed as a result of exercise training.  To accomplish this, 
we analyzed the effects of exercise training and return to sedentary activity on the bacterial 
genera within the BMI dependent ‘functional clades’ as outlined above. First, we show that the 
relationship between genera changes that occurred from pre- to post-exercise (E0-E6) were 
inversely related to the genera changes that occurred from post-exercise to the six week washout 
time point (E6-W6). In fact, five (5) out of the seven (7) bacterial genera in the lean bacterial 
clade and eight (8) out of the ten (10) in the obese bacterial clade were inversely regulated as a 
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result of physical activity status (Figure 5.8 Ai. and Bi.). We then used the component factor 
equation that most thoroughly explained the change in bacterial genera from pre- to post- 
exercise (E0-E6,EXERCISEfactor1) to calculate a similar factor explaining genera changes that 
occurred as a result of the washout (E6-W6, WASHfactor1). Using this unbiased predictive model, 
we found that the calculated factor component from the washout period WASHfactor1 was 
inversely correlated to that of the factor component from exercise period EXERCISEfactor1 within 
both BMI categories (Lean r = -0.831, p < 0.01, Fig 5.8A ii. Obese r = -0.630, p < 0.05; Fig. 
5.8B ii.), indicating that the GM community shifts that occurred during the washout period were 
inversely related to those that occurred because of exercise training.  
In addition to a reversion in gut microbial composition, we also observed that a washout 
from exercise lead to reductions in butyrate-producing capacity of the GM (as measured by 
BCoAT levels) in both BMI categories (Wash main effect p < 0.05; Figure 5.4 Bi.). 
Unexpectedly, BCoAT levels in the obese group dropped below pre-exercise values, further 
validating a strong effect of physical activity level on butyrate-producing capacity of the GM.   
Linear regression analysis also revealed that the post-exercise abundance of BCoAT 
concentrations could predict post-exercise washout changes in body fat and lean mass across 
both BMI categories (p < 0.05, respectively). Specifically, post-exercise fecal BCoAT levels 
were associated with the maintenance of lean mass and the prevention of body fat gain as a result 
of the cessation of exercise. 
Fecal SCFA concentrations and GM SCFA-producing genes were associated with higher 
baseline cardiorespiratory fitness and improved body composition in obese individuals  
In obese subjects at baseline (E0), butyrate concentrations (r=0.621, p=0.023, 
Supplementary Figure 5.1C) BCoAT concentrations (Pearson r = 0.527; p = 0.050; 
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Supplementary Figure 5.1D), as well as fecal concentrations of Acetate (Pearson r=0.561, 
p=0.041, data not shown) and propionate (Pearson r = 0.589 p = 0.034; data not shown), were 
positively associated with baseline cardiorespiratory fitness as measured by VO2max. 
Additionally, relative BCoAT concentrations (Pearson r = 0.540.; p = 0.050) as well as fecal 
concentrations of propionate (Pearson r = 0.656, p = 0.015, data not shown), and butyrate 
(Pearson r = 0.576; p = 0.045; Supplementary Figure 5.1 A) were positively associated with 
lean mass percentage. Lastly, relative BCoAT concentrations (Pearson r = 0.520; p = 0.050) as 
well as fecal concentrations of Acetate (Pearson r = -0.623; p = 0.022, data not shown), 
Propionate (Pearson r = -0.664, p = 0.013, data not shown), and Butyrate (Pearson r = -0.588; p = 
0.035; Supplementary Figure 5.1 B) were negatively associated with body fat percentage.  
5.6 DISCUSSION  
  In this study, we provide evidence that six weeks of endurance exercise training altered 
the gut microbiota (GM) and microbial-derived short chain fatty acids (SCFAs) in previously 
sedentary adult humans. Data presented in this study also indicates that obese individuals had 
different baseline gut microbiota compositions that responded orthogonally to exercise training 
compared to their lean counterparts. Additionally, we demonstrate that exercise-induced 
modulation of the GM and SCFAs were strongly associated with changes in body composition 
and improvements in cardiorespiratory fitness, highlighting a potential role of the gut microbiota 
in regulating physiological adaptations to exercise training. Lastly, we report that GM 
compositional changes that occurred after a return to sedentary activity were inversely related to 
the modifications that occurred during exercise training, providing further evidence that physical 
activity status contributes significantly to the composition of the human gut microbiota. 
  Our data revealed that the differences in the GM that existed between lean and obese 
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individuals prior to exercise training were largely washed out after six weeks of exercise 
training, indicating that exercise may induce physiologically relevant shifts in the gut microbiota. 
Factor reduction analysis using interrelated taxa changes due to exercise participation (or a return 
to sedentary activity) revealed that exercise-induced shifts in the GM were indeed BMI 
dependent. Together, these data led us to two initial conclusions: 1) cardiovascular exercise 
training induces significant changes in the GM composition and, 2) changes in bacterial 
communities respond orthogonally based on the BMI status of the individual.  
After establishing that obesity has a role in shaping the baseline and exercise-induced 
responses of the GM, we provided evidence that exercise training for six weeks (while 
controlling for changes in diet or antibiotic use) also lead to an increase in fecal concentrations of 
the microbial-derived SCFAs acetate (C2), propionate (C3), and butyrate (C4) primarily in the 
lean, but not obese, participants. This effect of exercise training on SCFAs was also observed 
concomitantly with an exercise-induced increase in butyrate and propionate producing-capacity 
of the GM, as indicated by increased levels of butyrl CoA: acetate CoA transferase (BCoAT) and 
methylmalonyl coA decarboxylase (mmDA), from pre (E0) to post exercise (E6) training.  
The effects of exercise on gut SCFA concentrations in humans observed in this study 
corroborate data presented in rodent models38 (Allen et al. Microbiome, In Review) as well as a 
previous cross-sectional study in humans relating fecal butyrate concentrations to 
cardiorespiratory fitness163. The mechanisms responsible for this effect are not currently clear 
and could involve increased production or reduced removal. Nevertheless, previous research has 
indicated that SCFAs can have beneficial effects on a variety of tissue types. For instance, 
SCFAs can improve skeletal muscle insulin sensitivity170, reduce inflammation in adipose and 
other tissues171, and regulate satiety through release of glucagon-like peptide-1 (GLP-1) from 
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enteroendocrine L-cells in the gut172. SCFAs are also energy substrates for numerous tissue 
types, including colon173, adipose159 and muscle170. This latter finding has led many to 
hypothesize that SCFAs can contribute to enhanced energy harvest from the diet, ultimately 
leading to enhanced tissue growth and gains in overall body weight3. BCoAT is one of two 
known butyrate regulating genes within the gut microbiota that contributes significantly to 
butyrate levels174. Functionally, BCoAT transfers a co-enzyme A group from butyrl CoA to 
acetate, which results in the formation of acetyl CoA and butyrate, two substrates utilized by 
local or systemic tissues for macromolecule synthesis or energy production175. Importantly, 
BCoAT levels in the gut have been positively associated enhanced energy harvest and early life 
growth176, while negatively associated with age177, thus indicating that the functional capacity of 
the GM to produce SCFAs may important for host physiology. 
With regards to exercise, our laboratory recently found that sedentary germ-free mice that 
received a gut microbial transplant from donor exercised mice contained higher levels of gut 
BCoAT levels and altered SCFA profiles than mice that received a microbiota transfer from 
sedentary mice (Allen et al, 2017 Microbiome, In Review). Intriguingly, the BCoAT levels and 
SCFA profiles were associated with higher body weights and lower gut inflammation in the mice 
that received an exercised microbiota versus those that received sedentary microbiota, giving 
further indication that SCFAs and the GM SCFA producing capacity may have important roles in 
energy harvest and growth. In the current study, we revealed that exercise-induced changes in 
butyrate concentrations, BCoAT levels, and butyrate producing taxa strongly correlated with 
parallel increases in lean mass in response to exercise training. SCFAs and the SCFA producing 
capacity of the GM may have important roles in mediating physiological adaptations to exercise 
training in humans. In light of these findings in in both animals and humans, we postulate that 
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exercise training-induced shift in the gut microbiota towards a higher SCFA producing capacity 
may represent a beneficial adaptation, ultimately contributing to enhanced replenishment of 
expired calories and improved body composition profiles. 
Next, we provided evidence that exercise-induced modulations in gut microbial 
composition (as measured by 16S rRNA) were strongly associated with concurrent 
improvements in body composition in lean individuals and increases in cardiorespiratory fitness 
in obese individuals. In acknowledgment of the highly-individualized GM phylotypes among 
humans, as well as the extensive cross-over of functional capacity among bacterial taxa, we 
focused on changes in ‘functional clades’ of bacterial communities rather than changes in 
individual taxa. Within the lean group, for instance, a select ‘functional butyrate-regulating 
clade’ of seven bacterial genera that related to fecal butyrate concentration as a result training 
were independently associated with changes in body composition, including increases in lean 
mass and reductions in body fat.  Interestingly, the five genera that positively associated with 
exercise-induced increases in butyrate concentrations (Faecalibacterium spp., Roseburia spp., 
Lachnospira spp., f_Lachnospiraceae, and Clostridiales spp.), are well documented butyrate 
producers177, 178, and have been associated with notable physiological outcomes in vivo. For 
instance, both Roseburia intestinalis and Faecalibacterium prausnitzii have been shown to have 
anti-inflammatory effects and are protective against bowel disease, including ulcerative colitis147, 
179.  
  In the obese participants, exercise-induced shifts in bacterial communities were strongly 
related to cardiorespiratory fitness improvements, as changes in 10 out of 56 bacterial genera 
strongly correlated (r > 0.6) to parallel changes in VO2max. Remarkably, factor analysis using the 
change scores from these 10 bacterial genera resulted in one factor that explained ~76% of the 
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total variance in cardiorespiratory fitness, thus highlighting the strong interrelatedness in how 
these taxa respond to an exercise training intervention. These data are relevant, as exercise 
training is regarded as one the most efficient and inexpensive ways to improve to 
cardiorespiratory fitness, which is itself, a strong negative predictor of all-cause mortality and 
future cardiovascular events in humans180. Understanding the sources of variability in exercise-
induced cardiorespiratory improvements may provide an important framework for 
individualizing exercise training among obese individuals, a population that is at high risk for 
coronary and metabolic disease.  
To further verify that GM modulation occurs in response to cardiovascular exercise 
training, we demonstrate that GM composition does not remain stable if exercise is followed by a 
return to sedentary activity. Intriguingly, GM community changes that occurred during exercise 
versus those that occurred during the washout were strongly inversely related to each other 
(irrespective of BMI). Alongside with these reversions at a whole bacterial community level, the 
SCFA-producing capacity of the GM also returned to pre-training levels after the washout 
period, as measured by a return of fecal BCoAT levels (within the lean and obese groups) and 
butyrate producing bacteria taxa (within the lean group) toward baseline values. We also found 
that reduction in the SCFA producing capacity of the GM observed during the washout period 
may be related to reestablishment of sedentary body composition profiles. For instance, 
reductions in the butyrate producing bacteria Lachnospira spp. and Faecalibacterium spp. during 
the washout period were associated with a parallel re-gain of body fat among both BMI 
categories. Conversely, higher levels of fecal BCoAT levels observed after the exercise training 
were associated with future maintenance of lean mass and diminished re-gains of body fat. In 
light of these findings, we postulate that exercise-induced shifts in the metabolic capacity of the 
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GM may be transient, and likely depend on repeated exercise stimuli. However, it also appears 
that the response and maintenance of exercise-induced GM compositional and metabolic changes 
are highly individualized, and therefore could be used as a proxy to understand variability in 
cardiorespiratory or body composition changes as a result of physical activity status. 
This study also identified differences in the baseline microbiome characteristics and 
SCFA producing capabilities in lean versus obese individuals. Most notably, obesity was 
associated with higher baseline levels of BCoAT.  The possible role of BCoAT and SCFAs in 
energy harvest during obesity was first described in a seminal study by Turnbaugh et al.146, who 
showed that a GM transfer from obese humans into germ-free mice led to increased gut SCFA 
concentrations and an obese phenotype in the recipient mice. In humans, successful weight loss 
through gastric by-pass surgery was accompanied by reduced levels of BCoAT181. Together, 
these findings support the hypothesis that the SCFA producing capacity of the gut microbiota 
may contribute to an obese phenotype through enhanced energy harvest. However, contrary to 
previous studies, we observed no differences in the concentrations of any primary SCFAs 
between lean and obese individuals. Moreover, and conflicting with the notion that SCFAs only 
lead to aberrant phenotypes in obesity, fecal butyrate concentrations in this study were strongly 
associated with higher lean mass, reduced body fat, and higher cardiorespiratory fitness 
(VO2max), while BCoAT levels were associated with higher lean mass and VO2max  within the 
obese group at the baseline time point. Together, these data provide an alternative explanation to 
the assumption that the GM’s potential to produce SCFAs and actual fecal SCFA concentrations 
are representative of a ‘maladaptive’ obese phenotype. Rather, it appears that these factors are 
indicative of improved body composition profiles and enhanced cardiorespiratory fitness during 
obesity. 
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  Our data indicate, for the first time, that exercise training can significantly modulate the 
composition and metabolic capacity of the gut microbiota. The mechanisms behind these 
changes in the GM are not completely understood. Nevertheless, we postulate that the extensive 
metabolic and immune-regulating responses to exercise training that occur in other tissues likely 
contribute to the changes in the GM observed here. It is well established that exercise is anti-
inflammatory, improves insulin sensitivity, and enhances cardiorespiratory fitness. Therefore, it 
is entirely possible that shifts in these capacities (among others) precede the changes in the gut 
microbiota reported in this study. Nevertheless, the data presented herein indicate that exercise-
induced changes in the GM and SCFAs are valuable prognostic features that are integral to 
understanding the overall physiological response to exercise training in humans.  
5.7 LIMITATIONS 
There were some notable limitations to this study. Firstly, there were no ‘control’ participants 
that did not exercise over a similar time period as the participants that were exercise-trained. This 
could be a limitation, as GMs are known to shift longitudinally based on season or random 
derangements, regardless of the independent intervention. Secondly, not all subjects completed 
the ‘washout’ period by discontinuing the exercise as requested by researchers. In fact, seven 
subjects remained active during the washout period. To account for this activity status in 
possibly modulating the GM, these subjects were removed from the washout analysis.  
Nevertheless, most participants did complete a washout period (n=25). The washout analysis, 
therefore, served as a within-subjects control for understanding the changes in the GM induced 
by physical activity status 
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5.8 TABLES AND FIGURES 
TABLE 5.1 
  
Table 5.1 Subject characteristics at baseline. Data are means ± S.E.M. * Significant effect of BMI  
Category at p <0.05 
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FIGURE 5.1 
 
Figure 5.1 Experimental Design. HRR= Heart Rate Reserve 
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FIGURE 5.2 
 
Figure 5.2 Changes from pre-exercise (E0) to post-exercise (E6) and washout (W6) for; A) body 
fat % (BF%) [upper right inset: absolute fat mass], B) lean mass % [upper right inset: absolute 
lean mass], C) bone mineral density (BMD) grams/cm2 and D) relative maximal oxygen 
consumption (VO2max) in ml/kg/min. * p < 0.05 versus E0 in respective group. N/A indicates that 
VO2max tests were not administered at the washout time point. 
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FIGURE 5.3 
 
 
Figure 5.3 A-C) Principle coordinates analysis (PCoA) of gut microbiome community 
composition (beta-diversity Weighted Unifrac) comparing Lean (LN) versus Obese (OB) groups 
at: A) pre-exercise [E0], B) after exercise training for six weeks (E6) and C) following a return to 
sedentary activity for six weeks (W6).  PERMANOVA *p < 0.05 significant difference between 
LN and OB communities, ns= not significantly different. D-E) Comparison of the principle 
component factor explaining the most variance in overall change of bacterial communities in LN 
versus OB groups from: D) pre-exercise training to post-exercise training (E0-E6) and E) post-
exercise training to post-washout (E6-W6). *Denotes significant difference between LN and OB 
at p < 0.05 using student independent t-tests. 
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FIGURE 5.4 
 
Figure 5.4 A) Changes in fecal SCFA concentrations: i. acetate [C2], ii. propionate [C3] and iii. 
butyrate [C4] as a result of 6 weeks of exercise training (E0-E6) and returning to sedentary 
activity for six weeks (E6-W6), upper right graphs, B) changes in relative abundance of i. 
Butyryl CoA: acetate CoA transferase (BCoAT) and ii. methylmalonyl CoA decarboxylase 
(mmDA) as a result of six weeks of exercise training (E0-E6) and return to sedentary activity for 
six weeks (E6-W6), upper right graphs. * Denotes significant Time [Exercise or Washout] x 
Group [BMI] interaction effect; # denotes significant Exercise or Washout main effect; & 
denotes significant main effect of BMI at p < 0.05. 
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FIGURE 5.5 
 
Figure 5.5 A) Spearman correlations relating exercise-induced changes in seven bacterial genera 
to parallel changes in fecal concentrations of butyrate (C4) and relative abundance of butyryl 
CoA:acetate CoA transferase (BCoAT) within the LN group only. EXERCISELN_Factor1 represents 
the component factor that most thoroughly explained the variance (61.1% of total) of the change 
in the highlighted bacterial genera, B) Indicates the effects of exercise training on the overall 
change in the five bacterial taxa (Roseburia spp + Lachnospira spp. + f_Lachnospriaceae + 
Clostridiales spp. +Faecalibacterium spp.) that associated with changes in butyrate or BCoAT 
concentrations, termed ‘C4 Producers’, C) Pearson correlations comparing ExerciseLN_factor1 
versus changes in outcome variables a result of exercise training (E0-E6). Note: oxes highlighted 
in light green = Spearman r or Pearson r range of 0.400-0.699, Dark Green = Spearman or 
Pearson r range of 0.700-1.000. Light or Dark red boxes indicate inverse correlation of similar 
value. *Denotes significant difference versus Pre-exercise (E0). 
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FIGURE 5.6 
 
 
Figure 5.6 Exercise training-induced modulations in A) fecal butyrate concentrations, B) relative 
BCoAT levels (versus 16S rRNA) and C) relative abundance of butyrate regulating bacterial 
taxa (C4 producers) strongly associate with exercise-induced changes in lean mass within the LN 
group. 
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FIGURE 5.7 
 
Figure 5.7 A) Spearman correlations relating changes in ten bacterial genera to parallel changes 
in cardiorespiratory fitness within the OB group. EXERCISEOB_FACTOR1 is representative of the 
factor component that most thoroughly explained the variance in change of these select bacteria 
genera (74.5% of total). B) EXERCISEOB_Factor1 was positively associated with changes in 
cardiorespiratory fitness within the obese group (r = 0.830, p < 0.001). Note: Boxes highlighted 
in light green = Spearman r or Pearson r range of 0.400-0.699, dark green = Spearman or 
Pearson r range of 0.700-1.000. Light or dark red boxes indicate inverse correlation of similar 
value. 
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FIGURE 5.8 
 
 
Figure 5.8 Spearman correlations describing the relationship between the GM response to 
exercise-training (E0-E6) versus the GM response to washout from exercise (E6-W6) regarding 
individual bacterial genera within:  Ai) lean and Bi) obese ’functional clades’.  Aii – Bii) Factor 
equations explaining most variance in bacterial change during exercise period among both BMI 
categories (EXERCISELN_factor1 or EXERCISEOB_Factor1) were applied directly to those genera 
changes that occurred during the washout. The resulting factor component termed 
(WASHLN_factor1 or WASHOB_FACTOR1) was then compared with Pearson R correlations to the 
corresponding EXERCISE factor component.  
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FIGURE 5.9 
 
Figure 5.9. A-C) Butyrate concentrations associate with A) higher lean mass B) lower body fat 
and C) higher cardiorespiratory fitness (VO2max) within obese participants. D) Butyrate 
regulating gene BCoAT also associates with higher relative VO2 max in obese participants. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 
 The overarching goal of this dissertation was to establish how and to what degree 
exercise training can modulate the gut microbiota, and further, understand what important 
physiological responses in the host may occur as a result of these changes. First, we found that 
exercise training modalities have significant, but differential effects on the gut microbiota of 
mice. Specifically, we showed that mice that were exposed to forced treadmill running (FTR) 
and voluntary wheel running (VWR) for six weeks had highly unique GM composition 
compared to their sedentary counterparts. Importantly, these data corroborate early evidence 
presented indicating that exercise modalities differentially regulate colitis outcomes, whereby 
voluntary wheel running was protective and forced treadmill running exacerbated the 
inflammatory insult to dextran-sodium sulfate intake. In light of these findings, we postulated 
that the exercise-induced GM changes may have direct impacts on gut health, and possibly 
disease progression.  
To investigate this, we transplanted gut microbiotas from donor ‘exercised’ or ‘sedentary' 
mice into germ-free mice. First, we found that previously GF mice that had received an 
‘exercised’ microbiota contained altered GM profiles, had lower colonic inflammation, 
possessed different SCFA profiles, and were significantly heavier after five weeks of 
colonization compared to mice that received a ‘sedentary’ microbiota. Next, we investigated 
whether exercise-induced changes in the GM can directly regulate host physiology during states 
of GI disease or disturbance. Using a similar design in germ-free mice, we found that an 
‘exercised’ microbiota partially attenuated colitis clinical outcomes while concurrently 
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contributing to an enhanced regenerative, anti-inflammatory response during recovery from an 
acute colitis bout. 
 Since most of the data presented in this dissertation (and in previous studies) have 
focused on animal models, we next wanted to shift our attention to investigating whether 
exercise training could affect the human GM. Indeed, for the first time, we found that exercise 
training could significantly alter the composition of the human gut microbiota independent of 
confounding influences. Moreover, our data indicate that exercise training may also alter the 
metabolic capacity of the GM, as indicated by exercise-induced increases in SCFAs and SCFA-
producing genes within the gut. Lastly, we uncovered strong associations between changes in the 
GM and microbial metabolites with concurrent body composition and cardiorespiratory 
outcomes that occurred in response to exercise training, highlighting the potential of the gut 
microbiota as an integral factor contributing to physiological adaptations in response to 
endurance exercise training. 
There are some limitations to the studies presented herein. In Chapter 3, analyses were 
limited to 16 S rRNA sequencing, a tool that provides only rough understanding into the total 
functional capacity of the gut microbiota. In Chapter 4, we were unable to analyze longitudinal 
changes in the GM during the colonization process of the germ-free mice. This is a limitation as 
colonization of gut microbes follow a highly dynamic temporal pattern, whereby longitudinal 
analysis of the colonization may have painted a better picture as to how exercise-induced GM 
changes directly affect the host. In Chapter 5, there were no ‘control’ participants that did not 
exercise over a similar time period as the participants that exercised during the study. This could 
be a limitation, as GMs are known to shift longitudinally based on season or random 
derangements, regardless of the independent intervention. Nevertheless, most participants did 
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complete a washout period, which served as a within-subjects control for understanding the 
changes in the GM associated with physical activity status  
 It is important to conduct further investigations into what these data reveal. Future studies 
should examine the following: 
1. By what mechanisms does exercise induce changes in the gut microbiota? Are these 
changes primarily related to metabolic fluctuations or changes in the immune system, or 
both? 
2. Do exercise-induced changes in the gut microbiota precede changes in host physiological 
responses or vice versa?  
3. What role do exercise-induced changes in gut microbiome composition have in 
preventing inflammatory bowel disease or colon cancer pathophysiology? Which 
particular bacterial taxa or microbial communities are involved, and by which 
mechanisms might they inhibit an inflammatory response. 
4. What other bacterial-derived metabolites may have a role in regulating physiological 
adaptations to exercise (e.g bile acids, indoles, phenols)? 
5. What specific role does obesity play in regulating GM compositional changes as a result 
of exercise?  
6.   Does the highly-individualized nature of the GM contribute to varying responses to 
exercise training among people? Would aspects of the gut microbiota predict how an 
individual responds to an exercise intervention? 
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